
SEPARATION AN0 ANALYSIS OF HYOROXYAROMATIC SPECIES IN LIQUID 
FUELS 11. COMPARISON OF ArOH I N  SRC-I1 COAL LIQUID, 

WILMINGTON, CA, PETROLEUM AND OSCR SHALE OIL 

J. B. Green, C. A. Treese, 5. K-T Yu, J. S. Thomson, 
C. P. Renaudo. and B. K. Stierwalt 

Department of Fuels Research 
National Institute for Petroleum and Energy Research 

Division o f  [IT Research Institute 
P.O. Box 2128 

Bartlesville, OK 74005 

INTRODUCTION 

Part I of this series, presented in the symposium, "New Applications of 
Analytical Techniques to Fossi 1 Fuels," describes a general analytical 
approach for detailed analysis of hydroxyaromatics (ArOH) in fuels (1). 
inherent step in development of analytical methods is evaluation of their 
performance on actual samples. Thus, ArOH concentrates were isolated from a 
wide spectrum of fuels, chemically derivatized, and analyzed in detail by 
GC/MS. Results from three of the fuels studied during development of the 
analytical method are presented here to 1) demonstrate the viability of the 
analytical methodology and more importantly to 2) contrast the levels and 
types of ArOH in three distinctly different fuel types: petroleum, shale oil, 
and liquified coal. 

Although numerous compositional studieson one or more fuels of a given 
type have been published. papers comparing composition of different types of 
fuels are quite rare. Tomkins and Ho (2) compared levels of selected poly- 
cyclic aromatic amines in coal liquids, shale oil and petroleum, and Allen, 
et 02. (3). compared overall structural profiles of heavy fractions from a 
coal liquid, shale oil. petroleum and tar sand. 
phenol. and C1- and C2-phenols in a shale oil and a coal liquid has also been 
published (4). These three papers are a fairly complete listing of published 
reports comparing different fuel types. 

Prior work on ArOH in individual fuel types has shown coal liquids to 
contain phenols, indanols/tetralinols, hydroxybiphenyls/hydroxyacenaphtha- 
lenes, hydroxyfluorenes, and naphthylphenols (5,6). A study on coal tar cited 
similar compounds plus dibenzofuranols and pyrenols/fluoranthenols (7). White 
and Li (8) identified over 20 specific ArOH compounds ranging from 6 to 15 
carbons in an SRC-I1 coal liquid. McClennen, et 02. (9), studied changes in 
phenol and indanol distributions induced by hydrotreating, and Scheppele. 
e t o l .  (IO), studied ArOH and multihydroxylated aromatics in raw and hydro- 
genated anthracene oi 1. Recently, hydroxylated thiophenic compounds and 
nitrogen heterocycles have also been. identified in coal liquids (11.12). 
Finally, ArOH in coal liquid oils, asphaltenes, and preasphaltenes have been 
compared (13); the hexane-insoluble fractions contain higher levels of ArOH 
and generally more polycyclic ArOH. 

An 

A comparison of the levels of 
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Shale oil contains mostly phenols, with lesser amounts of naphthols and 
trace levels of higher-ring ArOH (14-17). Dihydroxyaromatics are also present 
(16,17). 

Petroleum ArOH cover a wide range of structural types and molecular 
weights from phenol up to highly substituted polycyclic ArOH (18-21). 
usually make up less than 10% of the total acidic compound types in petroleum, 
whereas they are the dominant acidic class in coal liquids and shale oil. 

EXPERIMENTAL 

ArOH 

Fuels selected for this work were an SRC-I1 coal liquid from the Fort 
Lewis pilot plant run 77SR-12 (22,23), an insitu produced shale oil, OSCR 76- 
552, kindly supplied by the Western Research Institute, Laramie, WY, and a 
Wilmington, CA, petroleum which underwent extensive study during the API-60 
project (18,19,24). 

described in a separate preprint (1). 
posite of the GC/MS analysis of underivatized, silylated and acylated ArOH 
concentrates; although, as previously explained (l), analysis of acylated ArOH 
usually gave the most comprehensive data set. 

RESULTS AND DISCUSSION 

The analytical methodology for isolation and analysis of ArOH is 
The results presented here are a com- 

Only qualitative or semiquantitative results are presented, since the 
relative GC/MS responses of various derivatized ArOH are unknown. The general 
format for presentation of data is based on the commonly used 2-number 
convention, where the Z-number of a given ArOH series is defined by its 
empirical formula: Although the ArOH were analyzed as either 
acylated or silylated derivatives, all the tables report ArOH composition on 
an underivatized basis. 

CnH2n+z 0. 

Table 1 shows results from the distillation and liquid chromatographic 
separations to obtain whole acid and ArOH concentrates. 
abundance of ArOH is coal liquid > shale oil >>petroleum, as expected. Also, 
the percentage of total acids attributed to ArOH is greatest in the coal 
liquid and least in the petroleum. 

Tables 2(A-I) show the number of isomers separated and detected by GC/MS 
at each carbon number of the major ArOH 2-series for the three fuels. If a 
given distillate contained no members of a given series, it is omitted from 
that section of Table 2. 

Current GC/MS profiles of this fraction do not show sufficient chromatographic 
resolution to obtain more than a superficial analysis of ArOH present. 
Acylation did decrease the retention of ArOH present, as expected, but did not 
improve chromatographic resolution enough for detailed analysis. 
peaks which were resolved corresponded to Z-series ranging from -16 0 to 
-24 0. Fragment ions from these series do not correspond with those present 
in synfuel ArOH--probably because the Wilmington ArOH are primarily less 
condensed structures with naphthene rings attached to 1- and .?-ring aromatic 
nuclei. 

The relative 

Results for the Wilmington 370435" C ArOH are not included in Table 2. 

The few 
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Table 3 compares the overa l l  compositlon o f  ArOH i n  the three fuels.  A l l  
three fue ls  contain phenols, indano ls / te t ra l ino ls  and members o f  the -14 0 and 
-16 0 series o f  ArOH. The major di f ferences between the fue l s  l i e  i n  the 
re la t i ve  abundances o f  these series and i n  the ind iv idua l  structures o f  ArOH 
i n  these and the o ther  ser ies present. These di f ferences are discussed below 
f o r  each ArOH series. 

-6 0 - 
The coal l i q u i d  contains the la rges t  ove ra l l  abundance o f  phenols as seen 

by the large propor t ion  (10.3% o f  the  whole o i l )  o f  ArOH i n  the 200-325" C 
d i s t i l l a t e  (Table 1) and by the f a c t  t ha t  they are the major ArOH type i n  t h a t  
d i s t i l l a t e  (Table 3). 
corresponding t o  ind iv idua l  C C4 phenol isomers, which i n  t o t a l  probably 
accounted f o r  near ly h a l f  o f  &e ArOH present. 
r e l a t i v e l y  minor components i n  the coal l i q u i d  an8-no C7- o r  higher homologs 
were detected. 

s im i la r  t o  tha t  o f  the coal l i q u i d  (Table 2A). 
abundance was lower by about three orders o f  magnitude, as estimated by the 
t o t a l  ArOH present (225-370" C ArOH were 0.03% o f  the whole crude, Table 1) 
and the i n tens i t y  o f  phenolic GC/MS peaks observed. 

On the other hand, the d i s t r i b u t i o n  o f  phenols i n  the shale o i l  was 
markedly d i f f e r e n t  than the other fuels.  Species w i th  a t o t a l  a l k y l  carbon 
number up t o  C17 were observed, and mass spectral  fragmentation patterns 
indicated predominantly straight-chain a l k y l  subst i tuents o r  subst i tuents w i th  
one o r  t w o  methyl-branches. I n  t o t a l ,  phenolic species probably accounted f o r  
two-thirds o f  the shale o i l  ArOH. 

-8 0 

The coal l i q u i d  GC/MS p r o f i l e  showed large peaks 

and C6-phenols were C 

The d i s t r i b u t i o n  o f  phenolic homologs i n  the  Wilmington petroleum was 
However, t h e i r  ove ra l l  

- 
Indano ls / te t ra l ino ls  were present i n  a l l  fuels,  but were not a dominant 

series i n  any fue l .  
they were  the second most prevalent type i n  the 200-325" C ArOH concentrate 
which comprised 10.3% o f  the whole SRC-I1 o i l .  
mentation pa t te rns  ( l ) ,  indanols dominated t e t r a l i n o l s  i n  a l l  fuels.  The pre- 
dominance of indanols over t e t r a l i n o l s  has been reported previously (5,9). 
Due t o  the r e l a t i v e l y  low amounts o f  naphthols observed i n  a l l  fue ls ,  
especially the coal  l i qu id ,  it seems l i k e l y  t h a t  t h i s  ser ies may be la rge ly  
derived from hydrogenation o f  naphthols during coal l i qu i fac t i on ,  shale 
re to r t i ng  and petroleum maturation processes. 

Their  abundance was highest i n  the coal l i qu id ,  since 

Based on mass spectral  f rag- 

This ser ies was not conclusively i d e n t i f i e d  i n  any fue l .  McClennen, e t ,  
al .  (9).  a1 luded t o  the  presence o f  hydroxytetrahydroacenaphthalenes i n  t h e i r  
study of Coal l i q u i d  ArOH, and the authors have ten ta t i ve l y  i d e n t i f i e d  a -10 0 
ArOH ser ies o f  compounds i n  a marine diesel  fue l .  
compounds appear t o  be present a t  low leve ls  o r  nonexistent i n  most fuels.  

Overall, -10 0 A r O H  
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-12 0 - 
Naphthols were positively identified in the petroleum and shale oil ArOH 

concentrates, but they were not major components in either fuel. Based on the 
intensity of the GC/MS peaks and overall amount of ArOH present, naphthols 
comprised a much more significant percentage of the shale oil than any other 
fuel. Minor amounts of a higher molecular weight -12 0 series, corresponding 
to tricycloalkylphenols, have tentatively been identified in the SRC-I1 
'325" C ArOH concentrate. 

Compounds in this series were quite prevalent in the coal liquid and 
petroleum, but relatively minor in the shale oil. As discussed earlier (l), 
distinquishing between the various isomers of this series on the basis of mass 
spectral fragmentation patterns is quite difficult. 
include hydroxybiphenyls. hydroxyacenapthalenes. benzindanols and benztetra- 
linols. Taking into account the uncertainties in mass spectral interpreta- 
tion, the petroleum and coal liquid are neverless believed to contain all of 
the possible -14 0 isomers, with hydroxybiphenyls being the dominant species. 
Figure 1A shows evidence for presence of benztetralinols in the Wilmington 
petroleum ArOH concentrate. Thus, one or both o f  the acylated parent (M+) 
-14 0 species, represented by ions at m/e 364 and 350, give rise via loss of 
42 or 28 mass units respectively to the fragment ion at m/e 322. Although it 
is possible that the m/e 322 ion is a parent (M+) ion resulting from some ab- 
normally high-boiling -14 0 isomer, its production via retro-Diels-Alder loss 
of propylene or ethylene i s  much more likely. This fragmentation behavior is 
characteristic of cyclohexylaromatic systems (25), and thus indicates a 
benztetralinol structure. The intense ion at m/e 225 in Figure 1A occurs from 
loss of CF C(O)+ from the m/e 322 ion; the ion at m/e 344 is a molecular ion 
from a coejuting -20 0 species. Also, this and other spectra in Figure 1 
indicate the complexity of spectra from later eluting GC/MS peaks. 

Possible structures 

-16 0 - 
In the coal liquid and shale oil, this series consists largely of 

Next to -14 0 compounds, -16 0 compounds 
hydroxyfluorenes. In the petroleum, the major structural types are probably 
phenylindanols/phenyltetralinols. 
were the second most prevalent type in the SRC-I1 >325" C ArOH. 
hand, the -16 0 series was a very minor one in the shale oil, and intermediate 
in the petroleum. 
in shale oil. 

On the other 

The -16 0 series was the most condensed ArOH species found 

Besides hydroxyfluorenes, the coal liquid contains -16 0 compounds which 

Figure 18 shows an example where the parent (M+) ion at 
This pattern is consistent with either 

produce retro-Diels-Alder fragmentation patterns similar to those discussed 
for -14 0 compounds. 
m/e 334 gives rise to a 306 fragment. 
a phenyltetralinol or dicycloalkynaphthol (e.g., hexahydropyrenol) structure. 
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-18 0 - 
Only the >325O C coal  l i q u i d  ArOH concentrate showed eas i l y  detectable 

amounts o f  t h i s  series. 
o f  phenanthrenes/anthracenes i n  coal l iquids,  t h i s  ser ies i s  believed t o  be 
hydroxylated phenanthrenes/anthracenes. 

Based on i t s  mass range (Table 2F) and the  prevalance 

-20 0 - 
This ser ies was found i n  both the  coal l i q u i d  and petroleum, but was more 

prevalent  :E the  cos1 l j q u i d .  Possible structures include phenylnaphthols. 
cycloalkylphenanthrols and dihydropyrenols. Figures 1 (0-F) show example 
acylated -20 0 ser ies spectra representing the  d i f f e r e n t  types present i n  the 
coal l i q u i d  >325" C residue. 
l i k e l y  produced from a C1-phenylnaphthol. The r e l a t i v e l y  la rge  M-69 i o n  (m/e 
261) from loss o f  CF3+ i s  also exhibi ted by hydroxybiphenyls--which would be 
expected t o  g ive  spectra analogous t o  phenylnaphthols. Biphenyls also show a 
pronounced tendency t o  form another carbon-carbon br idg ing  bond y ie ld ing  a m/e 
152 ion  (26); analogous behavior by phenylnaphthols would y i e l d  
fluoranthene. 
analogous t o  an oxyfluoranthene, and the m/e 202 i o n  a structure s im i la r  t o  
fluoranthene i t s e l f .  

Figure 1E shows a fragment corresponding t o  loss o f  28 (C2H4) from the 

No M-69 ion  i s  apparent, but the M-97 [m/e 233) fragment i s  

Figure 10 shows a fragmentation pa t te rn  most 

Thus, the  m/e 218 ion  i n  f i gu re  10 should have a s t ruc tu re  

parent ion  a t  m/e 358. This pa t te rn  i s  t yp i ca l  o f  a C -cyclohexylphenanthrol 
compound type. 
f a i r l y  intense. 

Figure 1F shows a large parent ion  (m/e 330) r e l a t i v e  t o  fragment ions as 
we l l  as a long GC re ten t i on  time r e l a t i v e  t o  i t s  molecular weight. For 
example, the re ten t i on  o f  the compound o f  equal mass i n  Figure 10 was only 
22.5 min, and the re ten t i on  o f  the compound 28 mass u n i t s  heavier i n  Figure 1 E  
was only 0.3 min longer than tha t  i n  Figure 1F. These fac ts  a l l  po in t  t o  a 
highly condensed species such as C1-dihydropyrenol . A d i  hydropyrene species 
would be expected t o  form pyrene (m/e 202) dur ing fragmentation (25), as 
observed i n  Figure 1F. 
which i s  believed t o  be a pyrenol. 
corresponding t o  loss  o f  CO from the m/e 217 fragment. Phenol shows t h i s  same 
fragmentation pa t te rn  (27); thus a 1- o r  2-pyrenol s t ruc tu re  i s  the most 
log ica l  f o r  Figure l C ,  and a 1- o r  2-hydroxy-4.5-dihydromethylpyrene structure 
i s  the best choice f o r  Figure 1F. For example, 4-hydroxypyrene or  9-hydroxy- 
4,5-dihydropyrene would not be expected t o  g i ve  r i s e  t o  a fragmentation 
pa t te rn  promoting loss o f  CO t o  form a cyclopentadienyl-type cation. 

as those from the coal l i q u i d  because o f  coelut ion o f  -14 0 and -16 0 
cowounds which complicated the resu l t i ng  spectra. 

Also, Figure 1F correlates c lose ly  w i th  Figure 1C. 
Both f igures  show a fragment a t  m/e 189 

Structures f o r  -20 0 ArOH i n  the  petroleum could not be defined as w e l l  

-22 0, '-24 0 

As discussed previously, the coal l i q u i d  contained -22 0 compounds 
believed t o  be pyrenols. 
series could not be d e f i n i t e l y  confirmed or ru led  out. 
coal l i q u i d  appear t o  be cycloalkylpyrenols ra the r  than chrysenols o r  some 

The p o s s i b i l i t y  o f  other types o f  ArOH i n  t h i s  
-24 0 Species i n  the 
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other condensed species based on the mass range observed. 
the complexity of the petroleum ArOH spectra, no definite structures for -22 0 
species were assigned. 
leum, loosely condensed structures such as naphthylindanols, naphthylte- 
tralinols or hydroxytriphenyls seem the most probable. 

Non-ArOH species 

carboxylic acids in shale oil (14-17), a major series of aliphatic acids 
ranging from 5 to 27 carbons was observed here. 
were observed at every carbon number; only one isomer was foun% at most of the 
other carbon numbers. Silylated fatty acids yielded characteristic fragment 
ions at m/e 117, 129. 132, 145, and M-15. During liquid chromatographic 
separation of the shale oil strong acid fraction, the retention region 
corresponding to carboxylic acids was not cut as a separate fraction but 
simply lumped into the ArOH fraction (1). Since previous work had not shown 
presence of significant amounts o f  carboxylic acids in shale oil and since 
their presence in the authors' sample could not be detected by the UV (280nm) 
detector employed for the HPLC separation, there was no apparent reason for 
cutting a separate carboxylic acid fraction. Based on total ion intensities 
of silylated carboxylic acids vs. silylated ArOH, carboxylic acids accounted 
for nearly 50% of the total "ArOH" concentrate. Thus, the result given in 
Table 1 for concentration of ArOH in shale oil may be high by a factor of 
two. Figure 2 shows G U M S  total ion chromatrograms for underivatized, 
acylated and silylated shale oil ArOH concentrate. 
spaced, peaks in the silylated (2C) sample are all aliphatic acids. Since 
underivatized carboxylic acids chromatograph poorly, they are not evident in 
the underivatized or acylated samples. The shale oil investigated in this 
work was retorted insitu; carboxylic acids present in oil shale (28) 
apparently survived temperatures reached during that type of oil recovery 
process. 

in petroleum ArOH concentrates, largely from chromatographic overlap usually 
encountered in liquid chromatographic separations. Coal liquid ArOH 
concentrates were virtually free of non-ArOH compounds. 

CONCLUSIONS 

Again, because of 

Based on the mass range of -22 0 ArOH in the petro- 

In contrast to earlier reports citing no or only trace amounts of 

From CI4 to C o. 2-3 isomers 

The later eluting, evenly 

Small amounts of nitrogen compounds (1) and carboxylic acids were present 

The two most distinguishing features of coal liquid ArOH are their high 
concentration in the whole oil and presence of condensed ring species such as 
pyrenols and partially hydrogenated pyrenols. Shale oil ArOH are 
predominantly phenols, some which posses alkyl side chains up to nearly 20 
carbons. Petroleum contains relatively low amounts of ArOH but has the 
greatest diversity of types and isomers present. 

The methodology used for analysis of ArOH generally performed well on the 
wide range of samples examined, except in the case of the 370-535" C petroleum 
ArOH concentrate. 
separations, higher resolution GC columns, etc., will be needed for analysis 
of that sample or one of similar complexity. 

Further improvements including more liquid chromatographic 
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TABLE 2A. - Results for -6 0 series of ArOH (CnH2n-60)1 
Fuel (Distillate Boilinq Ranqe. "C) 

Coal Liquid Shale Oil Petroleum 
(200-325) (>200) (225-370) 

Cx2 Mol ecu 1 ar Weight Number of Isomers? - 
CO 94 0 1 1 
C1 108 2 3 3 
C2 122 6 6 5 
c3 136 9 11 4 
c4 150 4 12 5 
c5 164 4 12 5 
'6 178 2 9 2 
c7 192 9 1 
'8 206 11 1 
C9 220 7 
C ~ O  234 7 
C11 248 7 
C12 362 4 
c13 376 3 
C14 290 1 
C15 304 2 
c16 318 2 
C17 332 2 

All -6 0 compounds were phenols. 
C = total number of carbons in alkyl substituents. 
Nimber o f  isomers detected at each alkyl homolog. 
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TABLE 28. - Results for -8 0 series of ArOH (CnH2n-80)1 

Fuel (Distillate Boilinq Range, "C) 
Coal Liquid Shale Oil Petroleum 
(200-325) (>ZOO) (225-370) 

Cx Mol ecu 1 ar Weiqht Number of Isomers - 
134 2 2 1 CG 

C1 148 7 6 4 
C2 162 8 10 7 

c4 190 4 12 4 
C5 204 7 1 

C3 176 4 11 6 

The dominant structure based on GC/MS fragmentation patterns was indanol 
for all fuels. 
in mass) were detected in all fuels, however. 

Some tetralinols (Co-tetralinol corresponds to C1-indanol 

TABLE 2C. - Results for -12 0 series of ArOH (CnH2,,_100) 1.2 

Fuel3 (Distillate Boiling Range, "C) 
Shale Oil Petroleum 

( > Z O O )  (225-370) 

Cx Molecular Weight - 
Co 144 
C1 158 
C2 172 
C3 186 
c4 200 
Cr; 214 

Number of Isomers 

2 1 
4 1 
6 2 
6 2 
2 2 
1 

No appreciable amounts of -10 0 ArOH were detected in any fuel. 
All -12 0 compounds were naphthols. 
Ions corresponding to naphthols were detected in SRC-11, but they were 
small in intensity and not definitive enough for a positive identification. 
A -12 0 series corresponding to octahydropyrenols or some similar structure 
has tentatively been identified in SRC-I1 >325" C ArOH. 
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TABLE 20 - Results for -14 0 series of  ArOH (CnH2,,140) 

Fuel (Distillate Boiling Range, "C) 
Coal Liquid Shale Oil Petroleum 

(200-325) (>325) (>ZOO) (225-370) 

Cxl Molecular Weight - 
CO 170 2 0 2 
C1 184 5 10 4 
c2 198 2 19 8 
c3 212 
c4 226 
c5 240 
'6 254 
c7 268 
C8 282 

20 8 
15 6 
11 2 
5 1 

2 
3 
5 
10 
12 
11 
8 
4 
4 

C9 296 2 

Unsubstituted hydroxybiphenyls and hydroxyacenaphthalenes have molecular 
weights of  170. 
Co-benztetralinols have molecular weights of 198. 
believed to be the dominant -14 0 structure, but all other isomers are 
also believed to be present. 

Co-benzindanols have molecular weights of 184, and 
Hydroxybiphenyls are 
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TABLE 2E. - Results for -16 0 series o f  ArOH (CnH2n-160) 

Fuel (Distillate Boiling Range, "C) 
Coal Shale Oil1 ~etroleum3 

(>325) (>ZOO) (225-370) 

C,' Molecular Weiqht - 
CO 182 

c2 210 

c4 238 

C1 196 

c3 224 

c5 252 
c6 266 
c7 280 
C8 294 

Number of Isomers 

4 1 0 
12 3 0 
19 5 0 
19 3 1 
15 2 5 
6 6 
1 4 

2 
1 

Predominantly fluorenols. 
Compounds analogous to hexahydropyrenols and phenyltetralinols are also 
present. MW Co-hexahydropyrenol = 224. 
Based on mass, predominantly phenyltetralinols. 
MW Co-phenyltetralinol = 224. 

MW Co-fluorenol = 182. 

TABLE 2F. - Results for -18 0 series of ArOH (CnH2n-180) 1 

Fuel (Distillate Boiling Range, "Cy 
Coal Liquid 

(>325) 

Cx Molecular Weight Number of Isomers - 
CO 194 4 
C1 208 5 
c2 222 9 
c3 236 5 
C A  250 3 

Presumably hydroxyphenanthrenes/anthracenes. 
A spectrum of a -18 0 compound free o f  other types was not 
obtained, so positive identification was not possible. 

(MW CO = 194) 
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TABLE 26. - Results for -20 0 series of ArOH (CnH2n-200) 

Fuel (Distillation Boiling Ranqe. "C) 
Coal Liquid1 Petroleum2 

(>325) (225-370) 

Cx Molecular Wei qht Number of Isomers - 
CO 220 8 1 
C1 234 20 1 
C2 248 16 4 
c3  262 10 4 
c4 276 3 4 
c5 290 1 1 

Di hydropyrenol s, phenylnaphthols, and cycloal kylphenanthrol s/anthracenols. 
MW Co-dihydropyrenol, Co-phenylnaphthol and CO-benzacenaphthalenol = 220. 
Unknown structure. 

TABLE 2H. - Results for -22 0 series of ArOH (CnH2n-220) 

Fuel (Distillation Boiling Ranqe, "Cl 
Coal Liquid' Petroleum' 
(>325) (225-370) 

C, Molecular Weight Number o f  Isomers - 
CO 218 
C1 232 
C2 246 
c3 260 
c4 274 
c5 288 

Pyrenols/fluoranthenols. MW Co = 218. 
Unknown. Possibly naphthyl indanols, naphthyltetralinols and/or 
hydroxytriphenyls. 
respectively . ) (MW of Co homologs = 260. 274, and 246, 
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TABLE 21. - Results for -24 0 series o f  ArOH (CnH2n-240) 

Fuel (Distillation Boilinq Range, "C) 

(2325) 
Coal Liquid' 

gx Molecular Weiqht 

co 258 
Ct 27 2 

- Number o f  Isomers 

4 
3 

Probably cycloalkylpyrenols/cycloalkylfluoranthenols. MW Co-cyclopentyl- 
pyrenol = 258. MW Co-chrysenol = 244 (not observed). 
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m im im zm 250 m am 
Y I E  

Figure 1 - Mass spectra from GC/MS analysis o f  acylated Wilmington 225-370" C. 
(A) and SRC- I1  >325O C (B-F) ArOH concentrates. The GC retention 
times are noted on each. (A) shows primarily -14 0 compounds (m/e 
344 is -20 0) (6 )  shows primarily -16 0 (m/e 358 is -20 0) (C) 
shows -22 0 (m/e 314) with minor amounts of other series and (D-F) 
shows different types of -20 0 compounds. For details, see text. 
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Figure 2 - Total ion GC/MS traces o f  plain and derivatized >200” C OSCR shale 
oil ArOH concentrate. 
aliphatic acids. 
acylation (6). 

Later eluting peaks in (C) are silylated 
Note the high degree o f  resolution obtained via 
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Comparative t o x i c i t y  of crude and r e f i n e d  c o a l  l i q u i d s  and analogous 
petroleum products .  I. Chronic dermal t o x i c i t y  i n  mice. 

H. p. Wi t sch i ,  L. H. Smith, H. E. Goad, M. R. Cuerin,  W. H. Criest, 
and C-h. Ho 

Biology D i v i s i o n  and Ana ly t i ca l  Chemistry Div i s ion ,  Oak Ridge Nat ional  
Laboratory,  Oak Ridge, TN 37831 

Introduction 

Human exposure t o  c rude  and r e f i n e d  coa l  l i q u i d s  is most l i k e l y  t o  occur v i a  sk in  
c o n t a c t .  I n  o rde r  t o  e s t i m a t e  eventual  r i s k s  t o  human h e a l t h  as  a consequence of 
i n c i d e n t a l  and prolonged s u n  con tac t  i t  is necessary t o  o b t a i n  some in fo rma t ion  on 
t h e  p o t e n t i a l  o f  coal-der ived l i q u i d s  t o  e l ic i t  s k i n  cancer .  This  can be done with 
animais  i n  experimental  s t u d i e s  which mimic a n t i c i p a t e d  human exposure. I n  a d d i t i o n  
i t  a l s o  m u s t  be e s t a b l i s h e d  whether prolonged dermal exposure w i l l  produce s igns  of 
t o r i c i t y  not only o n  t h e  s k i n ,  b u t  i n t e r n a l  organs. Th i s  paper r e p o r t s  d a t a  obtained 
i n  a l i f e - l o n g  s k i n  p a i n t i n g  s tudy  w i t h  mice designed t o  exp lo re  t h e s e  ques t ions .  - 
The fol lowing m a t e r i a l s  were t e s t e d :  Raw H-coal blend,  con ta in ing  5700 ppm N; H-coal 
blend a f t e r  low hydrotreatment  (2650 ppm N ) ;  H-coal blend a f t e r  high hydrotreatment  
(0.2 ppm N); H-coal "home h e a t i n g  oil", a d e v o l a t i l i z e d  v e r s i o n  of t h e  hlgh- 
hydrotreatment  H-coal blend ; and an  H-coal reformed naphtha. Two petroleum-derived 
r e fe rence  samples were obtained from t h e  American Petroleum I n s t i t u t e :  Petroleum No. 
2 f u e l  o i l  and high c a t a l y t i c a l l y  cracked naphtha ( g a s o l i n e ) .  
pure ;  Sigma Chemical Company) was used a s  r e f e r e n c e  substance.  

Experimental animals  were male and female C3H mice, bred and maintained i n  the  bar- 
rier f a c i l i t y  of t h e  Biology Div i s ion ,  Oak Ridge Na t iona l  Laboratory.  
a g e n t s  were app l i ed  t h r e e  t imes a week o n t o  t h e  shaved s k i n  of t h e  back. The f o l -  
lowing c o n c e n t r a t i o n s  were used: 
ul of  a 1:3 d i l u t i o n  wi th  ace tone .  P o s i t i v e  c o n t r o l s  received 50 ug,  25  ug, or 12.5 
ug of  benzo(a)pyrene i n  50 ul of acetone per a p p l i c a t i o n  ( t h r e e  times a week) and 
nega t ive  c o n t r o l s  were pa in t ed  wi th  acetone a lone  or not  painted a t  a l l .  Twenty-five 
animals  of each sex were used p e r  dose l e v e l .  

A l l  animals had free a c c e s s  t o  food and water and were kep t  5 t o  a cage on hardwood 
shavings f o r  t h e  d u r a t i o n  of t h e  s tudy.  
were t r e a t e d  on Mondays, Wednesdays and Fridays.  Whenever a s k i n  abnormali ty  became 
v i s i b l e  a t  t h e  site of test agen t  a p p l i c a t i o n ,  p a i n t i n g  cont inued f o r  ano the r  two 
weeks. When t h e  s k i n  mass was found t o  p e r s i s t ,  t h e  animal was k i l l e d ,  and t h e  s k i n  
l e s i o n  excised and f i x e d  i n  n e u t r a l  buffered formalin.  A complete necropsy was per- 
formed, all o b s e r v a t i o n s  were noted and s e l e c t e d  t i s s u e s  were f i x e d  i n  n e u t r a l  buf- 
f e r e d  formalin.  A l l  s k i n  l e s i o n s  were examined on p a r a f f i n  s e c t i o n s  under t h e  l i g h t  
microscope. 
found moribund or dead.  
found dead. 

Benzo(a)pyrene ( 9 %  

The test 

50 ul of und i lu t ed  material, 50 ul of a 1:l or 50 

They were weighed p e r i o d i c a l l y .  The animals 

A n i m a l s  not  showing any s k i n  l e s i o n s  were cont inuously painted u n t i l  
A complete necropsy was performed on a l l  animals k i l l e d  or - 

Data on o v e r a l l  tumor inc idence  a r e  shown i n  Table 1 and can be summarized as f o l -  
lows: 
s k i n  l e s i o n s  began t o  appear  14 weeks l a t e r .  
benzo(a)pyrene (12.5 ug per  a p p l i c a t i o n )  t h e  f i r s t  tumors appeared after 19 weeks. 
Tumor incidence t h e n  r o s e  d rama t i ca l ly  i n  a l l  animals  exposed t o  benzo(a)pyrene 
w i t h i n  5-10 weeks after appearance of t h e  f i r s t  s k i n  l e s i o n .  

I n  animals  t r e a t e d  wi th  50 ug of benzo(a1pyrene pe r  a p p l i c a t i o n ,  t h e  f i r s t  
I n  animals  given t h e  lowes t  dose of 

All animals  exposed 
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eventua l ly  developed s k i n  tumors. H i s t o l o g i c a l l y ,  t h e  m a j o r i t y  of tumors, 708, were 
squamous cel l  carcinomas. On t h e  o t h e r  hand, i n  animals pa in ted  w i t h  ace tone  a l o n e  
O r  not pa in ted  a t  a l l ,  very few s k i n  tumors were observed which were benign papi l -  
lomas. 

Among t h e  coal  l i q u i d s  o n l y  t h e  raw H-coal blend produced a n  almost 100% inc idence  of 
s k i n  tumors a t  a l l  3 concent ra t ions  t e s t e d .  The f i r s t  tumors were s e e n  10 weeks 
a f t e r  t h e  first a p p l i c a t i o n  of 50 u l  of t h e  undi lu ted  material ( h i g h e s t  dose  group).  
With t h e  lower concent ra t ions ,  t h e  f irst  tumors were seen  af ter  20 and 33 weeks, 
r e s p e c t i v e l y .  Once t h e  first tumor was discovered i n  any group, i t  took approxima- 
t e l y  one y e a r  u n t i l  most animals i n  a g iven  group had developed s k i n  tumors. O f  
these  tumors 46% were malignant squamous c e l l  carcinomas. 

Hydrotreatment d r a m a t i c a l l y  reduced t h e  carc inogenic  p o t e n t i a l .  'he low hydrot rea t -  
ment prepara t ion ,  pa in ted  undi lu ted  o n t o  t h e  s k i n ,  produced t h e  first tumors a f t e r  58  
weeks, and 92 weeks a f t e r  beginning of t h e  experiment,  tumor i n c i d e n c e  was Only 14%. 
I n  animals exposed t o  t h e  high hydro t rea ted  p r e p a r a t i o n ,  tumors began t o  appear 
usua l ly  after 70 t o  80 weeks and t h e  f i n a l  tumor inc idence  i n  all 3 dose groups was 
between 16% and 44%. Only 2 tumors were found i n  t h e  150 animals exposed t o  H-coal 
reformed naphtha. However, i n  animals exposed t o  H-coal "home h e a t i n g  oi l" ,  t h e  
d e v o l a t i l i z e d  v e r s i o n  of t h e  h i g h l y  hydro t rea ted  H-coal blend, tumors began t o  appear 
around 40 t o  50 weeks of exposure and f i n a l  tumor inc idence  i n  an imals  exposed t o  t h e  
undi lu ted  material was 30%. 

The two petroleum-derived samples had p r a c t i c a l l y  no carc inogenic  p o t e n t i a l ;  on ly  3 
animals w i t h  tumors o v e r a l l  were found i n  animals pa in ted  wi th  g a s o l i n e  and o n l y  a 
t o t a l  of 13  animals had tumors 95 weeks a f t e r  beginning of t h e  experiment.  
eva lua t ion  of t h e  gross necropsy f i n d i n g s  showed t h a t  many animals s u f f e r e d  from 
l e s i o n s  u s u a l l y  expected t o  develop i n  a c e r t a i n  percentage of ag ing  animals, such as 
myocardial c a l c i f i c a t i o n ,  r e n a l  fa i lure ,  l i v e r  tumors, ovar ian  tumors,  and  lymphomas, 
among o t h e r s .  
t rea tment  regimen and were also s e e n  i n  t h e  c o n t r o l  and u n t r e a t e d  animals.  

It is concluded t h a t  t h e  carc inogenic  p o t e n t i a l  of a raw H-coal b lend  c a n  be mostly 
abol i shed  by hydrotreatment;  however some carc inogenic  p o t e n t i a l  remains  a s s o c i a t e d  
w i t h  a d e v o l a t i l i z e d  v e r s i o n  of a s e v e r e l y  hydro t rea ted  sample. 
products have cons iderably  less carc inogenic  a c t i v i t y ,  a n  o b s e r v a t i o n  compatible wi th  
e a r l i e r  f ind ings .  
than  t h e  s k i n ,  and t h e  compounds t r e a t e d  seemed not  t o  act  as sys temic  carcinogens.  

An 

However, t h e  gross l e s i o n s  were not  a s s o c i a t e d  wi th  any p a r t i c u l a r  

Petroleum der ived  

F i n a l l y  we d i d  not  f i n d  gross s i g n s  of  t o x i c i t y  i n  organs  o t h e r  
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tams, I n c .  
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Table 1 : Skin  Tumor Incidence 

Comwund 

Median 
Dose per1 No. of animals  w i th  skin time t o  
a p p l i c a t i o n  tumors/ No. of  animals exposed tumor 

931 Raw H-coal b lend  50 
25 
12.5 

934 Low hydro t r ea t ed  50 
(2550  pp" U) 2 5  

12.5 

935 High h y d r o t r e a t e d  50 
(0.2 ppm N) 2 5  

12.5 

978 H-coal Rhome 50 
heat ing o i l n  25 

12.5 

936 H-coal reformed 50 
naphtha 2 5  

12.5 

975 A P I  No. 2 f u e l  o i l  50 
2 5  
12.5 

976 A P I  g a s o l i n e  50 
25 
12.5 

Benzo (a )pyrene3 0.1 
0.05 
0.025 

41 / 50 
45/ 50 
44/50 

7/50 
6/ 50 
1/50 

1 O/ 50 
17/ 50 
8/ 50 

1 4/50 
12/ 50 

8/50 

O/ 50 
O/ 50 
2/ 50 

5/50 
6/ 50 
2/ 50 

31 50 
4/ 50 
6/50 

25/25 
25/25 
25/25 

45 
52 
62 

112 
117 
149 

100 
111 
119 

97 
108 
112 

- - 
155 

120 
131 
144 

125 
130 
143 

21 
24 
31 

lHigh dose was 50 ul of und i lu t ed  m a t e r i a l ;  50 ul lower doses  obtained by d i l u t i o n  
w i t h  acetone; a l l  d o s e s  app l i ed  3 t imes weekly. 

2 A n i m a l s  k i l l e d  2 weeks a f t e r  appearance of s k i n  tumors; all tumors confirmed by h i s -  
t o l o g i c a l  d i agnos i s .  

3Doses a r e  i n  p e r c e n t  (w/v)  benzo(a)pyrene,  50 uL per  mouse. 
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NON-ADDITIVE MUTAGENIC RESPONSES BY COMPONENTS OF COAL-DERIVED MATERIALS 

R. Schoeny.1 D. Warshawsky.2 and G. Moore3 

U.S. EPA, C i n c i n n a t i ,  Ohio 45268 ’ Department of Environmental  Heal th ,  Un ive r s i ty  of C inc inna t i  Medical 
Center ,  C i n c i n n a t i ,  Ohio 45267 
U.S. DOE, P i t t s b u r g h  Energy Technical  Center ,  P i t t s b u r g h ,  PA 15236 

In  t h e  l a s t  decade major e f f o r t s  have been made t o  ensu re  t h e  enerqy s e l f -  
s u f f i c i e n c y  of t h i s  country.  Included i n  t h a t  e f f o r t  has  been t h e  development 
and ref inement  of coal conversion t echno log ie s  as a means of pe rmi t t i ng  inc reased  
u K i e  of coa l  r e sources  without  a t t e n d a n t  i n c r e a s e s  i n  p o l l u t i o n .  Processes  of 
c o a l  l i q u e f a c t i o n  and q a s i f i c a t i o n  a r e  no t ,  however, f r e e  from hazard r i s k .  
Solvent  r e f i n e d  c o a l  m a t e r i a l s  SRCI and SRCII, f r a c t i o n s  from Rergius  and F i she r -  
Tropsch ope ra t ions ,  and H-coal p rocess  products  have been shown to produce adverse 
b i o l o g i c a l  e f f e c t s ,  such as tumors i n  experimental  animals  or mutat ions i n  va r ious  
t e s t  system (e .9 .  1-3, 7-10). A n a l y t i c a l  d a t a  i n d i c a t e  t h a t  p o l y c y c l i c  aromatic  
hydrocarbons (PAH), he- terocycl ic  compounds, aromatic  amines and o t h e r  m a t e r i a l s  
with carcinogenic  p o t e n t i a l  a r e  l i k e l y  t o  be produced by l i q u e f a c t i o n  p rocesses  
( 1 ,  3-6, 1 6 ) .  Coal conversion m a t e r i a l s  a r e  h i g h l y  complex and i l l - d e f i n e d  
mixtures .  Coal l i q u i d s ,  f o r  example, have a more complex composition than  do 
crude petroleums of a similar b o i l i n g  range.  Mutagenic or ca rc inogen ic  components 
may, i n  f a c t ,  c o n s t i t u t e  a ve ry  minor percentage of t h e  mass of t h e s e  m a t e r i a l s .  

For t h e s e ,  a s  f o r  o t h e r  mixtures  of b i o l o g i c a l l y  a c t i v e  m a t e r i a l s ,  t h e  
ques t ion  has been r a i s e d  whether t h e  i n d i v i d u a l  a c t i v i t i e s  of c o n s t i t u e n t s  a r e  
a d d i t i v e  or i f  t h e r e  a r e  i n t e r a c t i v e  e f f e c t s  c o n t r i b u t i n g  t o  t h e  o v e r a l l  b i o l o q i c a l  
a c t i v i t y  observed f o r  t h e  mixture .  There a r e  a few examples of non-addi t ive bio-  
l o g i c a l  responses  i n  the  l i t e r a t u r e .  I t  i s  known, f o r  i n s t a n c e ,  t h a t  mix tu res  of 
PAH and aromatic  amines showed g r e a t e r  than a d d i t i v e  e f f e c t s  when assayed f o r  
mutagenici ty  of Salmonella typhimurium ( 1 1 ) .  Likewise,  a mixture  of benzo ta l -  
pyrene (BaP)  d ihydrod io l s  was more d i r e c t l y  mutagenic than  would be expected 
based on t he  mutagenic a c t i v i t i e s  o f  t h e  ind iv idua l  d i o l s .  When r a t  l i v e r  homo- 
gena te s  (SS) were added t o  a s say  system, t h e  r eve r se  w a s  t r u e  ( 1 2 ) .  Our l a b o r a t o r y  
has  a l s o  observed t h a t  f r a c t i o n s  of coal-der ived m a t e r i a l s  e x h i b i t e d  non-addi t ive 
mutagenic responses  i n  Salmonella typhimurium ( 1 4 ) .  Cur ren t  r e sea rch  has  been 
d i r e c t e d  toward an  examination of s y n e r g i s t i c  or a n t a g o n i s t i c  b i o l o g i c a l  a c t i v i -  
t i e s  of c o a l  conversion mixture  components. 

MATERIALS AND METHODS 

Samples and P r e p a r a t i o n  - 
Samples were supp l i ed  through U.S. DOE PETC by R.A. Winschel of t h e  Coal 

Research Div i s ion  o f  Conoco. A l l  m a t e r i a l s  w e r e  c o l l e c t e d  on a d a i l y  b a s i s ,  
combined and d i s t i l l e d  by Conoco. Sample PDU-9 i s  a hydroclone overflow m a t e r i a l  
from an H-coal p rocess  design u n i t .  Lummus Feed and Lummus Product a r e  t h e  
second s t a g e  f eed  and product ,  r e s p e c t i v e l y  from run 3LCF9 of a Lummus I n t e g r a t e d  
TWO Stage L ique fac t ion  process .  Samples were s t o r e d  i n  t h e  da rk  a t  5OC. They 
Were prepared f o r  a s say  by weighing 100-500 mg and adding d ime thy l su l fox ide  
(ONSO) so as t o  o b t a i n  a presumptive concen t r a t ion  of 10 or 20 mg/ml. Sample 
s o l u t i o n s  were f i l t e r  s t e r i l i z e d  and app l i ed  a s  0.1 m l  al iquots f o r  r e v e r s e  
mutation a s says  and as 1 u l  a l i q u o t s  f o r  forward mutat ion a s says .  Tared v e s s e l s  
containing undissolved m a t e r i a l s  were d r i e d  and weighed, and t h i s  f i g u r e  used i n  
c a l c u l a t i o n  of t h e  t r u e  concen t r a t ion  of t h e  test s o l u t i o n s .  
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Preparat ion of- 

Approximately 59 of each sample was weiqhed and a volume of s o l v e n t  equal  t o  
Sx of t h e  weight  w a s  added i n  capped tubes.  This  mix tu re  was a g i t a t e d  vigorously 
i n  the  da rk  a t  room temperature  f o r  2 h r s .  A f t e r  c e n t r i f u g a t i o n  t o  s e t t l e  
p a r t i c u l a t e s ,  t h e  s o l v e n t  w a s  removed and a n  equal amount of f r e s h  s o l v e n t  was 
added. The mixture  was a g i t a t e d  for ano the r  2 hours followed again by cen t r i fuga -  
t i o n .  The two s o l v e n t s  with e x t r a c t e d  ma te r i a l  were pooled and evaporated under 
N2. This  procedure w a s  c a r r i e d  o u t  s e q u e n t i a l l y  wi th  hexane, t o luene ,  methylene 
ch lo r ide ,  and a c e t o n i t r i l e .  There w a s  g e n e r a l l y  a q u a n t i t y  o f  unextracted mater- 
i a l  remaininq, which is  r e f e r r e d  t o  i n  t h e  t e x t  and t a b l e s  a s  t h e  r e s idue  f r a c t i o n .  
The DMSO s o l u b l e  p o r t i o n  of t h i s  m a t e r i a l  and a l l  t h e  d r i e d  e x t r a c t s  were prepared 
f o r  a s say  i n  t h e  same manner as t h e  whole sample. 

P y e p a r a t i o n o f  "Reconstructed Whole" Samples 
- 

"Reconstructed whole" mix tu res  were prepared by adding ind iv idua l  f r a c t i o n s  
i n  t h e  same p r o p o r t i o n s  i n  which they  were ex t r ac t ed .  For example, PDU-9 f r a c t i o n  
I11 r econs t ruc t ion  c o n s i s t e d  of 1.71% hexane f r a c t i o n ,  42.76% to luene  f r a c t i o n ,  
etc. Mate r i a l s  w e r e  d i s so lved  i n  t h e  o r i g i n a l  e x t r a c t i n g  s o l v e n t s  or weighed o u t ,  
combined, and t h e  s o l v e n t s  evaporated under N2. The r e c o n s t r u c t i o n s  were assayed 
as DMSO s o l u t i o n s  on t h e  same occas ion  a s  were a l i q u o t s  o f  t h e  un f rac t iona ted  
sample and t h e  i n d i v i d u a l  f r a c t i o n s .  

-- Mutagenicity Assays i n  Salmonel la  Typhimurium 

Liver  homogenates (S9) f o r  mammalian metabolism were prepared from male 
Sprague-Dawley r a t s  which had been i n j e c t e d  i .p .  with SO0 mg/kg Aroclor 1254 
and k i l l e d  f i v e  d a y s  t h e r e a f t e r .  L ive r s  were homogenized i n  3 volumes co ld  
b u f f e r  (0.15 H K C 1 ,  0.05M T r i s  H C 1 ) .  The supe rna tan t  f r a c t i o n  from 20 min. 
c e n t r i f u g a t i o n  a t  90009 was dispensed i n t o  0.5 m l  a l i q u o t s  and s t o r e d  a t  -7OT 
u n t i l  use. 

Reverse muta t ion  p l a t e  i n c o r p o r a t i o n  a s says  u s i n g  Salmonella .t_yphimurium 
s t r a i n s  TA97 and TA98 were done according t o  pub l i shed  procedures  ( 9 ) .  A l l  
a s says  inc luded  use of 50 ul S9/p la t e  p l u s  a p p r o p r i a t e  b u f f e r s  and co fac to r s .  

S t r a i n  TM677 w a s  used i n  forward mutat ion assays wherein r e s i s t a n c e  to 8-aza- 
guanine t o x i c i t y  w a s  measured as t h e  endpoint  (15 ) .  F re sh  c u l t u r e s  (from f rozen  
a l i q u o t s )  of approximately 3x1 O7 orqanisms w e r e  used i n  microvolume suspension 
a s says ,  t o t a l  volume 100 u l .  The t e s t  m a t e r i a l  was added as 1 u l  a l i q u o t s  and S9 
comprised 1 %  of t h e  t o t a l  a s s a y  volume. Duplicate  a s s a y  tubes pe r  experimental  
p o i n t  were i n c u b a t e d  f o r  2 h r  a t  37OC i n  a gy ro to ry  bath. A t  t h e  end of t h e  
incuba t ion  p e r i o d  c e l l s  w e r e  d i l u t e d  l j 5  wi th  phosphate b u f f e r e d  s a l i n e  and 145 ul 
p l a t e d  i n  t r i p l i c a t e  f o r  s e l e c t i o n  of mutant organisms. A n  a l i q u o t  was f u r t h e r  
d i l u t e d  a n d  p l a t e d  i n  t h e  absence of s e l e c t i o n  for de te rmina t ion  of b a c t e r i a l  
s u r v i v a l .  Numbers o f  r e v e r t a n t s / l 0 5  su rv iv ing  c e l l s  were c a l c u l a t e d  from the  6 
mutagenici ty  and 6 t o x i c i t y  p l a t e  counts  per experimental  po in t .  A p o s i t i v e  
response i n  t h i s  a s s a y  i s  one i n  which the  number of mutants/105 su rv ivo r s  i s  
greater than  t h e  uppe r  99% confidence l i m i t  on both day  of a s say  and mean h i s t o r i -  
c a l  spontaneous c o n t r o l s .  

Resu l t s  and Di scuss ion  -- 
Sample PDU-9 is a vacuum s t i l l  bottom mate r i a l  from an  H-coal process  design 

Un i t  u s ing  Kentucky 11 c o a l  and run i n  t h e  syncrude mode. The Lummus process  
which provided t h e  Feed and Product  samples c o n s i s t e d  o f  a s h o r t  con tac t  
t ime l i q u e f a c t i o n .  fol lowed by a n t i s o l v e n t  deashing and subsequent  upgrading of  



I 

t h e  deashed coa l  l i q u i d s  i n  a Lummus-Cities Se rv ice  LC f i n i n g  u n i t .  The Lummus 
Feed 1s t h e  LC-Finer feed s tock ,  and Lummus Product  t h e  r ecyc le  o i l  produced by 
t h i s  u n i t .  

A l l  m a t e r i a l s  were assayed f o r  mutagenici ty  a s  DMSO s o l u t i o n s .  A l l  Yere 
mutagenic i n  both r eve r se  mutat ion a s says  t o  h i s t i d i n e  prototrophy (Aloes t e s t )  
and i n  a forward mutat ion a s say  us ing  s e l e c t i o n  of 8-azaguanine r e s i s t a n t  c lones .  
Note t h a t  t h e  l a t t e r  t e s t  i n c o r p o r a t e s  a 2-hour pe r iod  wherein t h e  Salmonella 
and test items a r e  incubated i n  l i q u i d  suspension.  For a l l  a s says  mutagenici ty  
w a s  d e t e c t a b l e  o n l y  when r a t  l i v e r  homoqenates (S9)  were included t o  provide 
mammalian enzymes f o r  metabolism of t h e  m a t e r i a l s  t o  r e a c t i v e  forms. 

- Of t h e  t h r e e  samples,  PDU-9 was most mutagenic,  and is, i n  f a c t  t h e  most 
!nUtagenic f u e l  m a t e r i a l  assayed i n  our l abo ra to ry .  Th i s  sample,  and a l l  o t h e r s ,  
w a s  d i l u t e d  and assayed a t  5 concen t r a t ions .  The a s say  was repeated on t h i s  
set of s o l u t i o n s  and then a f r e s h  s e t  of sample s o l u t i o n s  was prepared and t e s t e d  
on t w o  occasions.  A s  t h e s e  c o a l  m a t e r i a l s  a r e  heterogenous i n  composition, t h e r e  
a r e  v a r i a t i o n s  bo th  i n  t h e  amount of m a t e r i a l  s o l u b l e  i n  DMSO and i n  t h e  mutageni- 
c i t y  observed. Data from assay  of PDU-9 graphed i n  F igu re  1 ,  i l l u s t r a t e  t h e  
v a r i a t i o n  i n  mutagenic response.  I t  is a l s o  c l e a r  from t h i s  f i g u r e  t h a t ,  a t  low 
sample concen t r a t ions ,  t h e r e  i s  a l i n e a r  sample-dose/mutagenic response r e l a t i o n -  
sh ip .  I t  i s  p o s s i b l e ,  t h e r e f o r e ,  t o  o b t a i n  an  e s t i m a t e  of t h e  mutagenic response 
per u n i t  sample by applying r e g r e s s i o n  a n a l y s i s  t o  those  p o i n t s  and ob ta in ing  t h e  
s l o p e  of t h e  r e g r e s s i o n  l i n e .  For t h e  PDU-9 d a t a  graphed i n  F igu re  1 ,  one o h t a i n s  
an  e s t ima te  of 5 0 . 6  TA98 co lon ie s /uq  sample and 48.1 TA97 colonies/ug.  Hutageni- 
c i t y  observed f o r  Lummus Feed w a s  13.4 TA97 and 4.2 TA98 Colonies/ug and f o r  
Lummus Product 17.9 TA97 and 11.7 TA98 colonies/ug.  S t r a i n  TA98 i s  known t o  
respond to  a v a r i e t y  of compounds which cause f r amesh i f t  mutat ions,  i nc lud ing  PAH 
and aromatic  amines.  S t r a i n  TA97 a l s o  i s  r e v e r t e d  by f r a m e s h i f t  mutagens b u t  i s  
p a r t i c u l a r l y  s e n s i t i v e  to a c r i d i n e  compounds and probably t o  o t h e r  h e t e r o c y c l i c s  
as we l l  ( 8 ) .  The d i f f e r e n c e  i n  response by t h e  two s t r a i n s  of t h e  Lummus vs  t h e  
H-coal (PDU-9) samples is sugges t ive  of v a r i a t i o n s  i n  t h e i r  composition. I t  i s  
expected t h a t  t h e  Lummus m a t e r i a l s  w i l l  be shown t o  he composed of a g r e a t e r  
percentage a c r i d i n e s  and r e l a t e d  compounds than the H-coal sample. 

The forward mutat ion assay presumably d e t e c t s  a l l  t ypes  of mutagenic e v e n t s ,  
i nc lud ing  d e l e t i o n s  and t r a n s l o c a t i o n s ,  t h a t  a r e  compatible  with b a c t e r i a l  
v i a b i l i t y .  The use  of a suspension incuba t ion  g ives  t h e  added advantage of 
p rov id ing  a r e l e v a n t  q u a n t i t a t i o n  of test i t e m  t o x i c i t y .  None of t h e  t e s t  mater- 
i a l s  when assayed wi th  S9 were t o x i c  t o  t h e  Salmonella;  t h a t  i s ,  caused a r educ t ion  
o f  more than 40% v i a b i l i t y .  A l l  t h r e e  proved t o  g i v e  p o s i t i v e  r e s u l t s ,  a s  measured 
by inc reases  i n  numbers of mutants/105 su rv ivo r  g r e a t e r  than t h e  upper 99% c o n f i -  
dence l i m i t  on both day-of-assay and mean h i s t o r i c a l  spontaneous c o n t r o l s .  
Furthermore,  t he  magnitude of t h e  mutagenici ty  response was seen  to inc rease  i n  a 
l i n e a r  f a sh ion  wi th  sample concen t r a t ion ,  a l lowinq t h e  same s o r t  of e s t i m a t i o n  a s  
f o r  t h e  r eve r se  a s s a y  d a t a .  Sample PDU-9 w a s  a l s o  t h e  most mutagenic sample a s  
measured i n  t h e  forward mutat ion a s say ,  w i th  2.94 mutants/105 survivors/ug compar- 
ed t o  Lummus Feed (0.11 mutants/105 su rv ivo r s /uq )  and Lummus Product (0.45 
mutants/105 su rv ivo r s /ug )  . 

AS a f i r s t  s t e p  i n  t h e  a n a l y s i s  of t h e s e  f u e l  m a t e r i a l s ,  a simple f r a c t i o n a -  
t i o n  process  was undertaken. Sequen t i a l  o rgan ic  s o l v e n t  e x t r a c t s  were prepared 
u s i n g  so lven t s  of i n c r e a s i n g  p o l a r i t y ;  namely, hexane, t o luene ,  methylene ch lo r -  
i d e ,  and a c e t o n i t r i l e .  The DMSO-soluble p o r t i o n  of t h e  non-extractable  ma te r i a l  
( r e s i d u e )  l e f t  a t  t h e  end o f  tho process ,  and a l l  f r a c t i o n s  were assayed f o r  
mutagenici ty  i n  forward and r e v e r s e  a s says  as desc r ibed  f o r  t h e  uncut samples.  
TWO s e t s  of f r a c t i o n s  w e r e  prepared and assayed.  
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Genera l ly  t h e s e  m a t e r i a l s  were s i m i l a r  i n  their e x t r a c t i o n  p r o p e r t i e s  t o  
o the r  +coa l  vacuum bottoms w e  have assayed (13 .  14 ,  1 7 ) .  L i t t l e  ma te r i a l  i s  
ex t r ac t ed  by hexane and less than  1% of t h e  t o t a l  mass was a c e t o n i t r i l e  e x t r a c t -  
able .  From 20-36% of the m a t e r i a l  was l e f t  a t  t h e  end of t h e  procedure a s  t h e  
residue f r a c t i o n .  I n  t h e  course of t h e  f r a c t i o n a t i o n ,  t h e  sample ga ins  weight,  
presumably due t o  r e t a i n e d  s o l v e n t  or w a t e r .  U s e  of s o l v e n t s  which had been 
d r i ed  by t h e  a d d i t i o n  of a water  s i e v e  agen t  d i d  no t  reduce this weight gain.  

The f r a c t i o n s  d i f f e r  markedly from one ano the r  i n  t h e i r  mutagenic a c t i v i t y  
(Tables 1-5) .  A s  one would expec t ,  t h e  r e s i d u e  f r a c t i o n  of t h e  e x t r a c t i o n  process  
i s  the l e a s t  mutagenic m a t e r i a l .  The components e x t r a c t e d  by a c e t o n i t r i l e  a r e  
gene ra l ly  h i g h l y  mutagenic (e.9. PDU-9 100,940 TA98 colonies/mg; 73,272 TA97 
colonies/mg).  T h i s  la t ter  f r a c t i o n ,  presumably t h e  most polar components of t h e  
cod-conver s ion  m a t e r i a l s ,  is p r e s e n t  i n  sma l l  amounts. The p ropor t iona te  a c t i v -  
Tty of t h e  whole mix tu re  i s ,  t h e r e f o r e ,  ve ry  small, assuming a d d i t i v i t y .  I f  one 
mul t ip l e s  t h e  c a l c u l a t e d  mutagenici ty  of a f r a c t i o n  i n  colonies/mg by the  pe r  
cen t  of t h e  whole mixture  t h a t  f r a c t i o n  r e p r e s e n t s ,  a de t e rmina t ion  of f r a c t i o n  
s p e c i f i c  a c t i v i t y  can  be made. For example, i n  Table  1 ,  t h e  TA98 mutagenici ty  of 
t h e  r e s idue  f r a c t i o n  was low, 2544 colonies/mg, b u t  t h e s e  components c o n s t i t u t e  
23.84% of t h e  sample.  The s p e c i f i c  a c t i v i t y  of t h e  r e s i d u e ,  or i t s  c o n t r i b u t i o n  
t o  t h e  mu tagen ic i ty  of t h e  whole sample,  was 606 colonies/mq whole sample. The 
highly mutagenic a c e t o n i t r i l e  f r a c t i o n  c o n t r i b u t e d  t o  t h e  same e x t e n t  t o  whole 
sample mutagen ic i ty  (596 colonies/ma whole sample) as it c o n s t i t u t e d  o n l y  0.59% 
of the  PDU-9 sample mass. 

I f  t h e r e  a r e  no i n t e r a c t i v e  e f f e c t s  among f r a c t i o n s  o f  t h e s e  coal-conversion 
ma te r i a l s ,  t h e  sum o f  t h e  s p e c i f i c  a c t i v i t i e s  should e q u a l  t h e  mutagenici ty  
observed f o r  t h e  un f rac t iona ted  m a t e r i a l .  When t h e s e  summations have been 
ca l cu la t ed  f o r  a v a r i e t y  of coal-conversion samples t h e  percentages have been 
found t o  be comparable t o  t h e  whole sample mutagenici ty .  There have a l s o  been 
observed sums of f r a c t i o n a l  a c t i v i t i e s  less than  t h e  whole as we l l  as g r e a t e r  
than t h e  whole ( 1 4 ) .  PDU-9, Lumus Product  and Lumnus Feed f a l l  i n t o  t h e  former 
category. This  non a d d i t i v i t y  o f  f r a c t i o n  mutagenic a c t i v i t i e s  is u n l i k e l y  t o  be 
due to d i l u t i o n  as a r e s u l t  of weight  i n c r e a s e  of t h e  m a t e r i a l  du r ing  t h e  ex t r ac -  
t i o n  p rocess .  I n  no i n s t a n c e  was t h e  weight ga in  more than  20% of t h e  o r i g i n a l  
sample weight (PDU-9). Table  1 i n d i c a t e s  t h a t  t h e  "loss. of PDU-9 mutagenici ty  
wi th  f r a c t i o n a t i o n  w a s  about  50% f o r  t h e  r e v e r s e  mutat ion a s say  (Table  2 ) .  The 
d a t a  f o r  Lummus Feed a r e  similar (Tab les  4 . 5 ) .  whereas d i l u t i o n  cannot be discount-  
e d  as account ing f o r  t h e  ma jo r i ty  of t h e  non-add i t iv i ty  observed wi th  t h e  Lunmus 
Product sample (Tab le  3 ) .  

Another e x p l a n a t i o n  f o r  non-add i t iv i ty  is t h e  loss or a l t e r a t i o n  of mutagenic 
compounds as a consequence of t h e  e x t r a c t i o n  process .  I t  was bel ieved t h a t  t h i s  
mild e x t r a c t i o n ,  which e n t a i l s  no changes i n  pH or temperature  of the  ma te r i a l ,  
would be u n l i k e l y  t o  gene ra t e  oxygenated or o the rwise  modif ied compounds. The 
p ro toco l  was unde r t aken  under yel low l i g h t s  t o  minimize pho to reac t ions  of PAHs 
and o the r  a romat i c  compounds. A t h i r d  p o s s i b i l i t y  i s  t h a t  t h e  f r a c t i o n a l  compon- 
e n t s  a c t  as co-mutaqens. 

To e l u c i d a t e  t h e  mechanism of t h e  observed non-add i t iv i ty ,  "reconstructed 
whole" mixtures  were prepared.  Th i s  was done by recombining t h e  sample f r a c t i o n s  
i n  t h e  same p r o p o r t i o n s  which they  were ex t r ac t ed .  The r econs t ruc t ions  Were 
assayed i n  r e v e r s e  and forward mutat ion a s says  on t h e  same occasions as t h e  
un f rac t iona ted  whole and t h e  i n d i v i d u a l  f r a c t i o n s .  I f  t h e r e  are, i n  f a c t ,  CO- 

mutagenic i n t e r a c t i o n s  among f r a c t i o n s ,  t he  mutagenici ty  of t h e  reconstructed 
mixture should be i n c r e a s e d  r e l a t i v e  t o  t h e  f r a c t i o n  sums. For PDU-9 this proved 
n o t  to be t h e  c a s e  (Tab le  1 ) .  For bo th  s t r a i n s  TA97 and TA98, t h e  r econs t ruc t ion  
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mutagenici ty  was no t  i nc reased ,bu t  w a s  roughly e q u i v a l e n t  t o  t h e  f r a c t i o n  sum. 
This  w a s  also t h e  case  f o r  forward mutat ion a s s a y  o f  t h e  r econs t ruc t ed  sample 
(Table 2 ) .  Data de r ived  from a s s a y  of t h e  s e t  B f r a c t i o n s  co r robora t e  these  
r e s u l t s  ( n o t  shown). The Lumus Product  r econs t ruc t ion  a s say  showed on ly  a very 
l i t t l e  i n c r e a s e  i n  TA97 mutagenici ty .  For both of t h e s e  samples it would appear 
t h a t  non-add i t iv i ty  of o rgan ic  f r a c t i o n  mutaqenici ty  i s  due t o  a r t i f a c t s  of 
e x t r a c t  p repa ra t ion .  

This  does no t  appear  t o  be t h e  case  f o r  t h e  Lunmus Feed ma te r i a l .  Data from 
reve r se  mutation assay of both sets of f r a c t i o n s  (Tab les  4 .5)  i n d i c a t e  an i n c r e a s e  
i n  mutagenesis on t h e  o rde r  of 28% t o  65% r e l a t i v e  t o  t h e  f r a c t i o n  sums. That 
t h e r e  were a l t e r a t i o n s  i n  t h e  f r a c t i o n s  as a r t i f a c t s  of p repa ra t ion  canno t  be 
discounted,  b u t  it i s  a l s o  c l e a r  t h a t  t h e r e  i s  evidence of co-mutagenici ty  among 
f r a c t i o n s  of t he  Lummus Feed sample. I t  should be noted p a r e n t h e t i c a l l y  t h a t  t h e  
d a t a  i n  t h e s e  t a b l e s  a l s o  i l l u s t r a t e  t h e  p o t e n t i a l  f o r  loss or change of b i o l o q i c a l  
a c t i v i t y  t h a t  occu r s  i n  t h e s e  complex mixtures  as a f u n c t i o n  of t i m e .  F r a c t i o n  
sets A 6 B were prepared i n  assayed over  a per iod of s e v e r a l  months. 

ThS premise t h a t  s i n g l e  mixtures  compounds behave independent ly  or a d d i t i v e l y  
when mixed i s  a s u b j e c t  of con t inu inq  d i scuss ion .  The work desc r ibed  h e r e  
i n d i c a t e s  that complex mixtures  of compounds may n o t  have b i o l o g i c a l  a c t i v i t y  
which can be es t ima ted  on t h e  b a s i s  of summation of a c t i v i t i e s  of known components. 
I t  a l s o  p o i n t s  o u t ,  however, t h e  d i f f i c u l t y  of s e p a r a t i n g  mixture  components i n  a 
way which l eaves  them unchanged. 
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T a b l e  1 

COMPARISON OF PDU-9 FRACTION (SET A) AND RECONSTRUCTED MIXTURE 
MUTAGENICITIES: REVERSE MUTATION PLATE INCORPORATION ASSAYS 

SPECIFIC ACTIVITY 
PERCENT COLONIES/mga COLON1 ES /mg 

SAMPLE EXTRACTION TA97 TA9 8 TA9 7 TA98 

Hexane 1.71 16 ,850  

To luene  42.76 9 , 5 1 6  

Methylene C h l o r i d e  31.1 1 29,319 

A c e t o n i t r i l e  0.59 73,272 

Res idue  23.84 1 , 4 0 4  

Whole 

Sum of F r a c t i o n s  

R e c o n s t r u c t i o n  

18,881 288 323 

15.903 4 ,069  6 ,800  

49.017 9 , 1 2 1  15,249 

00,940 432 596 

2,544 335 606 

28,056 49,092 

14.245 23,574 
(50 . E % )  (48 .0%)  

(56.4%) (33.4%) 
15.829 16 ,389  

a C a l c u l a t e d  from l i n e a r  p o r t i o n s  of d o s e  r e s p o n s e  c u r v e s  
b Colon ies /mg  x p e r  c e n t  e x t r a c t i o n  

T a b l e  2 

COWARISON OF PDU-9 FRACTION (SFT A )  AND RECONSTRUCTED - MIXTURE MUTAGENICITIES: FORWARD MUTATION ASSAY - 

PERCENT m 6 7 7  COLONIES/ SPECIFIC ACTIVITY 
SAMF'LE EXTRACTION 10 SURVIVORS/mg COLONIES/l Os SURVIVORS/mg 

Hexane 

To luene  

1.71 

42.76 

Methy lene  C h l o r i d e  31 . l l  

A c e t o n i t r i l e  0.59 

187 

405 

1 ,084  

2 ,514  

3 

1 7 3  

337 

15 

Res idue  23.84 57 1 4  

whole 2,911 

Sum of F r a c t i o n s  

R e  c o n s t r u c t i o n  

542 
(18.6%) 

31 3 
(10.8%) 

a C a l c u l a t e d  from l i n e a r  p o r t i o n  of d o s e  r e s p o n s e  c u r v e s  
b C o l o n i e s / l 0 5  s u r v i v o r s / m g  x per c e n t  e x t r a c t e d  
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T a b l e  3 

COWARISON OF LUHMUS PRODUCT FRACTION (SFT A )  AND RECONSTRUCPH) MIXTURE 
MUTAGENICITIES: REVERSE MUTATION PLATE INCORPORATION ASSAYS 

PERCENT --- COLONIES/mga -- COLONIES/mgb 
TA98 -- TA97 - SAnPLE EXTRACTED TA97 TA90 

--I--- 

Hexane 4.76 31 ,373 6,309 1,493 300 

T o l u e n e  26.39 13,128 11,880 3,463 3,135 

M e t h y l e n e  C h l o r i d e  16.50 28,341 38,141 4,676 6,293 

A c e t o n i t r i l e  1 .26 10,862 23,775 238 300 

R e s i d u e  51.08 2,545 4,596 i ,300 2,394 

Whole 15,730 21,844 

Sum of F r a c t i o n s  11,170 12,422 
(71  .O%) ( 56.9% ) 

R e c o n s t r u c t i o n  12,718 13,482 
(80.9%) (61.7%) 

-- -- -----_I------_ 

a C a l c u l a t e d  f rom l i n e a r  p o r t i o n  of d o s e  r e s p o n s e  c u r v e s  
b C o l o n i e s / m q  x per c e n t  e x t r a c t e d  

T a h l e  4 

COMPARISON OF LUHMUS FEED FRACTION AND RECONSTRUCTED MIXTURE MUTAGENICITIES: 
REVERSE MUTATION PLATE INCORPORATION ASSAYS, STRAIN TA97 

- 
PER CENT TA97 SPECIFIC ACTIV~TY 

SAMPLE EXTRACTED COLONIES/mqb TA97 COLONIES/mgC 
A B A B A R 

2.48 2.1 3 8,862 376 220 8 

T o l u e n e  25.94 17.88 9,603 8,721 2,491 1,559 

Hexane -- 

M e t h y l e n e  
C h l o r i d e  34,28 37.76 15,106 10,200 5,178 3,852 

A c e t o n i t r i l e  1 .06 0.75 22,265 28,732 2 36 21 5 

R e s i d u e  36.24 41 .48 2,540 726 920 30 1 

Whole 17,952 13,411 .. 
Sum o f  F r a c t i o n s  

R e c o n s t r u c t i o n  

9,045 5,935 
(50.4%) (44.2%) 

15,385 12,162 
(85.7%) (90.7%) 

-- 
a R e f e r s  to f r a c t i o n  set  A or B 

C a l c u l a t e d  f rom linear port ions of dose response curves 
c o l o n i e s / m q  x per c e n t  extracter  154 



T a b l e  5 

C O m N S O N  OF LUMMUS FEED FRACTION AND RECONSTRUCTED MIXTURE MUTAGENICITIES: 
REVERSE MUTATION PLATE INCORPORATION ASSAYS, STRAIN TA98 

PER CENT TA98 SPECIFIC ACTIVITY 

A a  B A B A B 
SAMPLE EXTRACTED - COLON I ES /mgb TA98 COLONIES/mgC 

Hexane 2.48 2.13 4,376 458 108 10 

T o l u e n e  25.94 17.88 4,876 3,454 1,265 61 8 

Methy lene  
C h l o r i d e  34.28 37.76 4,436 3,973 1,521 1,500 

Acetonitrile 1.06 0.75 20,630 10,192 90 2 151 

R e s i d u e  36.24 41 .48 2,490 364 

Whole 11,127 5,002 

Sum of F r a c t i o n s  

R e c o n s t r u c t i o n  

4,015 2,355 
(36.1%) (47 .la) 

7,183 5,643 
(64.6%) ( 1 1  2.8% ) 

- 
a R e f e r s  t o  f r ac t ion  set A and B 
b C a l c u l a t e d  from l inea r  p o r t i o n  o f  d o s e  response curves 
C Colonies /mg x per c e n t  extracted 

W :“I 
1000 

0 

0 

0 ‘ 900L 800 0 

2 700 1 
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INTRODUCTION 

Development of coal upgrading processes such as gasification and lique- 
faction must be continued because of the long-term uncertainty in the availa- 
bility of petroleum resources. Identification of components and investigation 
of the environmental effects of coal-derived products produced in these 
upgrading processes are required. Although numerous studies describing the 
identification and characterization of polycyclic aromatic hydrocarbons 
(PAH) and polycyclic aromatic compounds (PAC) containing a single heteroatom 
have been reported, PAC containing more than one heteroatom have been only 
tentatively identified until recently. In the last year, many new PAC 
containing two heteroatoms in a solvent-refined coal liquid were positively 
identified using capillary column gas chromatography. These compounds 
include hydroxylated thiophenic compounds (1). aminodibenzothiophenes (2), 
hydroxylated nitrogen heterocycles (3). azathiophenic compounds (4), and 
amino-substituted nitrogen heterocycles (5). In this paper, the analytical 
methods for the identification of trace amounts of PAC containing two hetero- 
atoms in complex coal-derived materials are reviewed. The structural charac- 
teristics of the PAC formed in a solvent-refined coal liquid and a coal tar 
were compared, and standard compounds were synthesized for verification of 
identifications and for mutagenicity testing. 

EXPERIMENTAL 

A solvent-refined coal heavy distillate (SRC I1 HD: 260-450°C boiling 
point range) was obtained from the Fort Lewis, Washington, pilot plant 
(operated by the Pittsburg h Midway Coal Mining Co.). A coal tar was obtained 
from the National Bureau of Standards, Washington, DC. This was a medium 
crude coke oven tar. Standard compounds were obtained commercially or 
synthesized by US (6). 

The SRC I1 HD material and coal tar were fractionated into chemical 
classes by adsorption chromatography on neutral alumina and silicic acid (3, 
73. The third (A-3) and fourth (A-4) alumina column fractions which were 
composed of the nitrogen- and hydroxy-containing PAC, respectively; the second 
(S-2) and third (S-3) silicic acid column fractions from the A-3 fraction 
which were composed of the amino- and tertiary nitrogen-containing PAC, 
respectively; and the second (S-2') silicic acid column fraction from the A-4 
fraction which was composed of hydroxy nitrogen-containing PAC were analyzed 
in this study. 
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Hewlett-Packard Model 5880 gas chromatographs equipped with flame 
ionization (FID), sulfur-selective flame photometric (FPD), nitrogen-selective 
thermionic (NPD), and 63Ni electron capture (ECD) detectors were used in this 
study. The capillary columns were prepared by coating 10-20 m x 0.2 or 0.3 mm 
i.d. fused silica tubing (Hewlett-Packard, Avondale, PA) with SE-54, a 25% 
biphenyl polymethylsiloxane (8,9), or a smectic liquid-crystalline poly- 
methylsiloxane stationary phase (10-13) (0.25 pm film thicknesses). A 
Hewlett Packard Model 59828 GC-MS system was used to obtain mass spectral 
confirmation of identified compounds. The Ames mutagenicity assays were 
performed as described by Ames (14) with minor modifications. 

RESULTS AND DISCUSSION 

The chemical complexities typically associated with coal-derived products 
require stationary phase selectivity in addition to high efficiency for their 
analysis by capillary column gas chromatography. We have recently synthesized 
a new polarizable stationary phase, a biphenyl polysiloxane (8,9), and 
several liquid-crystalline polysiloxanes (10-13) for the analysis of PAC. The 
biphenyl polysiloxane provided unique selectivity for the polar amino- and 
hydroxy-substituted nitrogen and sulfur heterocycles. The polar substituent 
groups on the PAC interact with the a-electron cloud of the biphenyl group. 
Blocking of polar groups is sometimes recommended for strongly polar 
compounds. Blocking of the polar group leads to a decrease in the dipole- 
induced dipole interactions between solutes and the stationary phase. This 
"softer" interaction often results in improved resolution. All isomers of the 
hydroxydibenzothiophenes in the coal tar were resolved and identified using a 
25% substituted biphenyl phase (Figure 1) after blocking of the hydroxyl 
group. In comparison, only the 1- and 2-hydroxydibenzothiophenes were 
detected in the SRC I1 HD. Similarly, improved resolution was observed for 
the pentafluoropropyl (PFP) derivatives of the alkylated aminodibenzothio- 
phenes (2). The large retention differences between the original polar 
compounds and their derivatives gave complementary evidence for their iden- 
tification (1,2). 

The separations achieved on liquid-crystalline stationary phases is based 
on the molecular geometries of solutes, such as size, shape, and planarity, in 
addition to other factors associated with conventional stationary phases. 
Positive identifications of the hydroxylated thiophenic compounds were 
achieved using both a smectic liquid-crystalline stationary phase and the 25% 
biphenyl stationary phase (1). This liquid-crystalline phase was also used 
for the separation of isomeric PAH (15). sulfur heterocycles (16), and 
amino-PAH (5). 

Approximate concentrations of the amino- and hydroxy-substituted nitrogen 
and sulfur heterocycles were estimated to be 1-10 ppm in the SRC I1 HD. In 
comparison, corresponding PAC containing only one heteroatom were present at 
approximately 100-1000 ppm, and PAH were found to be present at 0.1-5% in the 
same sample (17). The amino- and hydroxy-substituted heterocycles were 
identified at low levels by utilizing selective detectors during the analysis 
of fractions in which one of the two functional groups was enriched: FPD for 
the nitrogen heterocycles and amino-PAC fraction, FPD for the hydroxyl-PAC 
fractions, ECD for the tertiary nitrogen PAC fraction, and NPD for the 
hydroxyl and nitrogen-PAC fractions. Compounds were positively identified by 
comparison of retention data with those of standard compounds and by selected 
ion mass spectrometry. Figure 2 shows one example: the ECD chromatogram of 
the PFP-derivatized SRC I1 HD S-3 fraction. This chromatogram shows only the 
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PFP-amide and tertiary nitrogen-containing compounds; the aminophenylpyri- 
dines, aminophenylquinolines, and their alkylated derivatives were identified 

All isomers of the aminodibenzothiophenes and the azadibenzothiophenes 
were assayed for mutagenicity using the Ames test (2.4). The 2 -  and 3-aminO- 
dibenzothiophenes were strongly mutagenic, and their average response was ten 
to one hundred times greater than the average response of benzo[a]pyrene, 
while all isomers of the azadibenzothiophenes were inactive. Recently, the 
microbial mutagenicities of numerous isomeric 3- to 5-ring sulfur heterocycles 
have been extensively studied (18-20). The presence of a sulfur heteroatom 
was found to have little effect on mutagenicity. Likewise, compnunds contain- 
ing both nitrogen and sulfur heteroatoms in the rings also demonstrated 
little mutagenic activity. 

Representative PAC structures found in the SRC 11 HD and the coal tar 
containing one heteroatom and two heteroatoms are given in Tables 1 and 2, 
respectively. It is thought that the major reason for the difference between 
the two samples was auto-catalytic mild hydrogenation in the SRC I1 process. 
This would explain the difference in abundance of the amino compounds, 
hydroxyl PAC, sulfur heterocycles with fusion on only one side of the 
thiophene ring, 4H-benzo[def]carbazole, etc. The amino and hydroxyl groups 
in the SRC I1 HD are thought to be derived from nitrogen and oxygen hetero- 
cycles by hydrogenation. The 2 -  and 3-ring amino-PAH in the SRC I1 HD were 
the major components of the amino-PAH fraction, while only the aminonaphtha- 
lenes were detected in the coal tar, and then only at a low level ( 5 ) .  
Likewise, the aminodibenzothiophenes in the SRC I1 HD were present as major 
components, but only the azathiophenic compounds were present in the coal tar 
(4). Also, the hydroxyphenylthiophenes and the hydroxyphenylbenzothiophenes 
were more abundant than the hydroxybenzothiophenes and hydroxydibenzothio- 
phenes in the SRC I1 HD (1). On the other hand, only the hydroxybenzo- 
thiophenes and hydroxydibenzothiophenes were present in the coal tar. Figures 
3 and 4 show chromatograms of the hydroxyl nitrogen-PAC fractions of both 
samples. Marked abundances of the hydrogenated compounds, i.e. hydroxyphenyl- 
pyridines, was noticeable in the SRC I1 HD. 

Structural similarities between the heteroatom-containing PAC and the PAH 
were found. Structures of the PAC containing two heteroatoms were similar to 
those of the PAC containing one heteroatom, and the structures of the PAC 
containing one heteroatom reflect the parent PAH structures. The 
relationships between structure and abundance for these compounds are 
discussed in detail elsewhere (17). 

by GC-MS. 
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Figure 1. FPD chromatogram of the coal tar A-4 trimethylsilyl derivatized 
fraction on a 25% biphenyl polysiloxane stationary phase. 
Conditions: temperature program from 120°C to 265°C at 4°C min-l, after 
an initial 2-min isothermal period; hydrogen carrier gas at 100 cm s-' .  
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Figure 2. ECD chromatogram of the SRC I1 HD S-3 PFP derivatized fraction on 
Conditions: temperature program from 70'C to 1OO'C at 10°C min-', 

after an initial 2-min isothermal 
SE-54. 
then from 100°C to 265°C at 4OC min-1 
period; helium carrier gas at 50 cm s - I .  
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Figure 3 .  NPD chromatogram of the SRC I1 HD S-2’ fraction on a 25% biphenyl 
polysiloxane stationa phase. Conditions: temperature program from 40°C 
to 120°C at 10’12 miny, then from 120°C to 265°C at 4’C min-l after an 
initial 2-min isothermal period; helium carrier gas at 50 cm s - l .  
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Figure 4. FID chromatogram of the coal tar S-2’ fraction on SE-54. 
Conditions: temperature program from 70°C to 100°C at 10°C min-l, then 
from 100°C to 265’C at 4OC min-l, after an initial 2-min isothermal 
period; hydrogen carrier gas at 100 cm s-l. 
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Table 1. Comparison of the PAC containing one heteroatom identified in the 
SRC I1 coal liquid and the coal tar. 

PASH 

%( - 

N-PAC = SRC II Coal tar SRC II 

- I  I 

HPAH 

Coal tar 

Table 2. Comparison of the PAC containing two heteroatoms identified in the 
the SRC I1 coal liquid and the coal tar. 

PANSH / APASH 

:oal tar SRC II 

HPASH 

:oal tar SRC II 

HPANH 

:oal tar SRC II 
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Classes o f  Compounds Responsible f o r  Mutagenic and Cy to tox i c  A c t i v i t y  i n  
Tars and O i l s  Formed During Low BTU G a s i f i c a t i o n  o f  Coal 

R.F. Henderson, W.E. Bechtold. J.H. Benson, G.J. Newton, R.L. Hanson. 
A.L. Brooks, J.S. Dutcher. R.E. Royer, and C.H. Hobbs 

Lovelace I n h a l a t i o n  Toxico logy Research I n s t i t u t e  
P.O. Box 5890. Albuquerque, NH 87185 

Sumnary 

The Lovelace I n h a l a t i o n  Toxicology Research I n s t i t u t e  ( ITRI ) ,  i n  
cooperat ion w i t h  the  Horgantown Energy Technology Center (HETC), has completed 
t o x i c i t y  screening o f  vapors, l i q u i d s  and s o l i d s  formed du r ing  opera t i on  o f  an 
experimental pressur ized.  s t i r red -bed ,  coa l  g a s i f i e r  a t  METC. Vapors 
c o l l e c t e d  from the  cooled process stream on Tenax res ins  had no mutagenic 
a c t i v i t y  i n  the  Ames Salmonella assay. 
and s o l i d s  c o l l e c t e d  from the  e f f l u e n t  o r  process streams were f r a c t i o n a t e d  by  
g e l  chromatography i n t o  f r a c t i o n s  con ta in ing  mos t l y  a l i p h a t i c  compounds; 
n e u t r a l  p o l y c y c l i c  aromatic hydrocarbons (PAH); p o l a r  PAH and h e t e r o c y c l i c  
compounds; and s a l t s .  The p o l a r  f r a c t i o n  was p a r t i t i o n e d  i n t o  ac ids,  bases, 
water  so lub le  compounds and phenols. 
i n  t h e  bas ic  f r a c t i o n  w i t h  a d d i t i o n a l  a c t i v i t y  i n  the  n e u t r a l  PAHs. Highest 
c y t o t o x i c i t y  toward both t h e  b a c t e r i a  and canine a l v e o l a r  macrophages was i n  
t h e  phenol ic  f r a c t i o n .  Treatment o f  the g a s i f i e r  t a r s  by  n i t r o s a t i o n  o r  by 
a c e t y l a t i o n  t o  remove pr imary aromatic amines (PAA) reduced the  b a c t e r i a l  
mutagenic i ty  by 50-60%, i n d i c a t i n g  t h a t  some, b u t  n o t  a l l ,  o f  t he  mutagenic i ty  
was due t o  PAA. 

Dichloromethane e x t r a c t s  o f  l i q u i d s  

B a c t e r i a l  mutagenic a c t i v i t y  was h ighes t  

I n t r o d u c t i o n  

The Lovelace I n h a l a t i o n  Toxicology Research I n s t i t u t e  ( ITRI) .  work ing i n  
cooperat ion w i t h  t h e  Horgantown Energy Technology Center (HETC). has completed 
s tud ies  t o  ob ta in  i n fo rma t ion  on the  poss ib le  i n h a l a t i o n  t o x i c i t y  o f  a i rbo rne  
e f f l u e n t s  associated w i t h  low BTU coa l  g a s i f i c a t i o n  (1-4). 
i s  needed t o  enable an improved assessment o f  p o t e n t i a l  h e a l t h  r i s k s  t o  man 
a r i s i n g  from t h i s  technology. 

The HETC coal  g a s i f i e r  i s  an experimental pressur ized.  s t i r red -bed  coa l  
g a s i f i e r  (F igu re  1)  and d i f f e r s  from comnercial f ixed-bed producers i n  i t s  
sma l le r  s i z e  (1.1 m I D )  and i t s  p rov i s ions  f o r  s t i r r i n g  t h e  bed. 
uses a Lu rg i  process f o r  low BTU coal  g a s i f i c a t i o n  us ing  heat, a i r ,  steam and 
coa l .  The gas cleanup devices are experimental and evo lv ing  and a re  designed 
t o  produce a low BTU gas s u i t a b l e  f o r  use i n  combined cyc les  w i t h  tu rb ines .  

The main process stream cleanup dev ices i n  use a t  t h e  t ime  o f  t h i s  
research program inc luded a cyclone t o  remove dust ;  a h u m i d i f i e r ,  t a r  t r a p  and 
Ven tu r i  scrubber t o  remove ta r ;  a m u f f l e r  and a f l a r e .  Other cleanup dev ices 
i n d i c a t e d  i n  F igure 1 were bypassed du r ing  sampling pe r iods  f o r  t h i s  p r o j e c t .  

Such in fo rma t ion  

The g a s i f i e r  
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Experimental 

Sampling 

e f f l u e n t  streams. The process stream was sampled a t  p o i n t s  A. 6. C. 0,  and E 
(F lgure 1) us ing  two sampling systems. An a n a l y t i c a l  system ex t rac ted  cooled, 
d l l u t e d  process stream m a t e r i a l  and measured the  concentrat ion (by  f i l t e r s ) ,  
the s i z e  o f  ae roso ls  (by  cascade impactors) and the  concen t ra t i on  o f  vapors 
(by adsorpt ion on Tenax t r a p s ) .  Condensor t raps  were used t o  c o l l e c t  l a r g e r  
Saiiip:ej o f  t a r s  and o t l s .  i n  a d d i t i o n  t o  the process stream mate r ia l .  bu lk  
q u a n t i t i e s  o f  bot tom ash f rom t h e  g a s i f i e r .  dust  from the  cyclone, and t a r  
f r o m  t h e  h u m i d i f i e r ,  t a r  t r a p  and Ven tu r i  scrubber were co l l ec ted .  

F rac t i ona t ion  o f  Tars and O i l s  

Vapors, l i q u i d s .  and s o l i d s  were sampled from bo th  the  process and 

Tars from t h e  t a r  scrubbing devices and condensed o i l s  f rom the process 
stream were f r a c t i o n a t e d  on Sephadex LH-20 gel  columns us ing te t rahyd ro fu ran  
(THF) t o  e l u t e  separate f r a c t i o n s  conta in ing,  1)  main ly  a l i p h a t i c  and 
polymeric m a t e r i a l  ( F l .  F2); 2) n e u t r a l  po lyaromat ic  hydrocarbons (PAH) (F3, 
F4); and 3)  p o l a r  compounds i n c l u d i n g  n i t r o g e n  h e t e r o c y c l i c  compounds and PAH 
w i t h  p o l a r  f r a c t i o n a l  groups (F5) (See F igu re  2 ) .  The p o l a r  f r a c t i o n  was 
subfract ionated i n t o  a c i d i c ,  bas ic  and n e u t r a l  components. 

Mutaqenic i tv  T e s t i n g  

The p o t e n t i a l  mu tagen ic i t y  o f  each sub f rac t fon  was assessed us ing the 
Ames Salmonella b a c t e r i a l  mutagenic i ty  assay, us ing  s t r a i n  TA-98 (de tec ts  
f rame-sh i f t  mutat ions)  both w i t h  and w i thou t  a d d i t i o n  o f  l i v e r  metabol iz ing 
enzymes (S-9). C y t o t o x i c i t y  toward the  b a c t e r i a l  c e l l s  and toward canine 
a l v e o l a r  macrophages was a l s o  measured. 

Ef fect  o f  Removal o f  Primarv Aromatic Amines (PAA)  on Mu taqen ic i t v  

To determine the c o n t r i b u t i o n  o f  PAA t o  t h e  mutagenic a c t i v i t y  o f  
g a s i f i e r  t a r ,  t h e  PAA were removed by n i t r o s a t i o n  a t  pH 2.5 o r  by  
a c e t y l a t i o n .  Several PAA. one aza-arene and a coa l  o i l  sample f rom the  Foss i l  
Fuels Research M a t r l x  Porgram. Oak Ridge Nat ional  Laboratory, were included as 
con t ro l  samples. The t r e a t e d  samples were then re- tested f o r  mutagenic 
a c t i v i t y .  

Resul ts  

The vapor phase m a t e r i a l  c o l l e c t e d  on Tenax t raps  d i d  n o t  have mutagenic 
a c t i v i t y  i n  the  b a c t e r i a l  mutagenic i ty  assay used. A l l  t a r  and o i l  samples 
c o l l e c t e d  from t h e  process o r  p o t e n t i a l  e f f l u e n t  streams had mutagenic 
a c t i v i t y  when S-9 me tabo l i z ing  enzymes were inc luded.  The sub f rac t i ons  
showing t h e  most a c t i v i t y  were t h e  n e u t r a l  PAH ( F 3 ,  F4) and t h e  p o l a r  f r a c t i o n  
( F U  i n  both process stream samples and t h e  p o t e n t i a l  e f f l u e n t  ma te r ia l  
(Tables 1. 2. 3) .  The bas i c  and n e u t r a l  p o r t i o n s  o f  t h e  p o l a r  f r a c t i o n  had 
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Figure 2. Elut ion p r o f i l e s  of compounds from Sephadex LH-20 column using te t rahydro-  
furan (THF) as e luant .  The l i n e s  f o r  each compound i n d i c a t e  t h e  volume of 
THF i n  which the  compounds e lu ted .  
e l u t i o n  peak. 

The dot  ind ica tes  t h e  c e n t e r  of t h e  
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TABLE 1 

Mutagenic A c t i v i t y  o f  Process Stream Samples 
and t h e i r  SeDhadex LH-20 Frac t ions  

Revertantsb Revertants 
Massa p e r  w Mutageni c i  t y C  per  L 

F%?Ct!C!!I Percent l w i t h  s-9) Percent Process Stream 

P o s i t i o n  8 -- Raw Gas 

Crude 100.0 6.7 5 0.6 100 50,000 

LH-20 F r a c t i o n  
1 27.8 0.7 5 0.2 
2 6.5 2.8 2 0.3 
3 21.8 10.4 5 1 .1 
4 16.7 5.0 0.6 
5 21.7 10.4 5 1 .O 
6 5.5 2.8 5 0.2 

3 
3 

39 
14 
38 

3 

1,600 
1.900 

17,000 
6,200 

17.000 
1.100 

P o s i t i o n  D -- A f t e r  Tar Trap 

Crude 100.0 3.7 0.2 100 9,700 

LH-20 F r a c t i o n  
1 35.4 0.0 0 
2 8.4 3.2 i 0.4 14 
3 18.6 1.9 0.6 18 

5 15.3 4.1 5 0.2 31 
4 15.6 4.5 i 0.4 35 

6 6.7 0.5 5 0.3 2 

0 
700 
900 

1.900 
1,600 

80 

P o s i t i o n  E -- A f t e r  Ventur i  Scrubber 

Crude 100.0 4.1 5 0.3 100 2,200 

LH-20 F r a c t i o n  
1 7.0 0.2 5 0.2 
2 5.0 2.8 2 0.4 
3 23.0 1.8 0.3 
4 14.0 2.3 0.4 
5 29.0 2.9 0.2 
6 21 .o 0.2 5 0.2 

0 
6 

24 
18 
49 

3 

10 
70 

200 
200 
400 

25 

a Mass percent o f  m a t e r i a l  f rac t ionated .  
TA-98 rever tan ts /pg  determined from s lope o f  dose-response curve by l i n e a r  
regression ana 1 y s i  s . 
Mutagenic i ty percent  i s  t h e  percent o f  t h e  mutagen ic i ty  each f r a c t i o n  
cont r ibu tes  t o  t h e  crude m a t e r i a l .  

166 



I' 

TABLE 2 

Mutagenic A c t i v i t y  o f  Process Stream LH-20 
F rac t i ons  5 and t h e i r  Subfract ions 

Massa 
F rac t i on  Percent 

P o s i t i o n  E -- Raw Gas 

LH-20 F rac t i on  5 21.7 

Acids 0.9 
Eases 4.1 
Neut ra  1 s 1.6 
Amphoterics - 

Water so lub les 15.2 

P o s i t i o n  D -- A f t e r  Tar TraD 

LH-20 F rac t i on  5 15.3 

Acids 0.03 
Eases 3.6 
Neutra 15 4.6 
Amphoterics - 

Water so lub les 6.6 

Pos i t i on  E -- A f t e r  Ventur i  Scrubber 

LH-20 F rac t i on  5 29.0 

Acids 0 . 7  
Eases 1.6 
Neutra ls  2.1 
Amphoterics - 

Water so lub les 24.6 

Revertantsb 
per  v g  

Wi th S-9 

9.7 0.5 

1.0 5 0.5 

46.7 5 2.6 
5.5 5 1.0 

Not tes ted  

2.1 5 0.2 

0.4 5 0.1 
4.2 2 0.4 
5.2 5 0.3 

Not tes ted  

2.3 5 0.3 

0.0 
12.4 5 0.7 

2.2 5 0.2 

Not tes ted  

Mutagenic1 t y c  
Percent 

100 

1 
20 
79 

100 

0 
50 
50 

100 

0 
E3 
17 

- 

a Mass percent o f  m a t e r i a l  f rac t i ona ted . .  
b TA-98 rever tants /vg determined from slope o f  dose-response curve by l i n e a r  

regress ion ana lys i s .  
Mutagenic i ty  percent  i s  t h e  percent o f  the mutagenic i ty  each f r a c t i o n  
con t r i bu tes  t o  the  crude ma te r ia l .  
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TABLE 3 

Mutagenic A c t i v i t y  o f  Tar Trap Tar and Ven tu r i  Scrubber Water 
and t h e i r  LH-20 F rac t i ons  

F rac t i on  

Posit:oii 8 -- Raw Gas 

Tar Trap Tar 

LH-20 F rac t i on  
1 
2 
3 
4 
5 
6 

Ventur i  Scrubber 
I n l e t  Water 
Lyophi 1 i zed (5Oml) 

Ventur i  Scrubber 
O u t l e t  Water 
Lyophi 1 i zed (501111 ) 

Dicholormethane- 
Solubles (0.07%) 

LH-20 F rac t i on  

Ou t le t  Water 

1 
2 
3 
4 
5 
6 

Massa 

Percent 

100 

16 
18 
34 
14 
14 

3 

100 

100 

100 

6 
2 
3 
5 

75 
10 

TA-98 Revertantsb 

p e r  ua ( w i t h  S-9) 

21.6 5 1 .B 

2.9 5 0.2 
2.9 5 0.5 
2.5 f. 0.8 

107.0 5 49.1 
56.6 5 8.0 
10.2 k 0.5 

0.0 

1.14 0.06 

0.72 2 (0.18) 

0.8 k 0.2 
1.1 5 0.3  
1.7 f 0.3 
1.8 z 0 . 4  
0.6 5 0.2 
0.4 5 0.2 

Mutagenic i t y c  

Percent 

100 

2 
2 
3 

60 
32 
1 

0 

100 

100 

7 
3 
7 

13 
64 

6 

a Mass p e r c e n t - o f  ma te r ia l  f rac t i ona ted .  
TA-98 reve r tan ts /ug  determined from s lope o f  dose-response curve by l i n e a r  
regress ion ana 1 y s i  s . 
Mutagenic i ty  pe rcen t  i s  t he  percent o f  t he  mu tagen ic i t y  each sub f rac t i on  
con t r i bu tes  t o  t h e  t o t a l .  
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t h e  g rea tes t  mutagenic i ty  (Table 2). N i t r o s a t i o n  o r  a c e t y l a t i o n  o f  t he  
t a r - t r a p  t a r  removed some ( 50-60%) o f  t h e  mutagenic a c t i v i t y  (Table 4) bu t  
n o t  as much as was removed by s i m i l a r  t reatment  o f  a coal  o i l .  

The most c y t o t o x i c  f r a c t i o n s  o f  t h e  coals  and t a r s  were t h e  p o l a r  
f r a c t i o n s  con ta in ing  phenols . 

Discuss ion 

Tars and o i l s  produced dur ing a l ow  BTU coa l  g a s i f i c a t i o n  process were 
mutagenic toward Salmonella bac te r ia .  The mutagenic a c t i v i t y  could be 
a t t r i b u t e d  t o  PAH and t o  neuta l  and bas ic  compounds i n  the p o l a r  f r a c t i o n .  I n  
con t ras t  t o  coal  l i q u i d s ,  i n  which most o f  t h e  mutagenic a c t i v i t y  has been 
a t t r i b u t e d  t o  PAA (5 ) .  t h e  mutagenic a c t i v i t y  o f  t he  t a r s  was reduced by on ly  
approximately one-half a f t e r  treatment t o  remove PAA. 
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TABLE 4 

Mutagenic A c t i v i t y  Remaining A f t e r  Treatment 
( X) 

Cherni c a l  N i t r o s a t i o n  A c e t y l a t i o n  

2-Aminoanthracene 
3-Aminof luoranthene 
?-Am! n o f l  ucrene 
6-Aminochrysene 
9-Ami nophenanthrene 
Phenathr id i  ne 
Coal o i l  Aa 
Tar t r a p  t a r  

4 
0 
0 

13 
0 

100 
9 
39 

1 
20 
21 

6 
0 

86 
30 
52 

a Obtained as a comparative research m a t e r i a l  from the  F o s s i l  Fuels Research 
Ma t r i x  Program, Oak Ridge Nat ional  Laboratory. 
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ABSTRACT 

Photomutagens ( c h e m i c a l s  t h a t  enhance t h e  m u t a g e n i c i t y  o f  nea r  
U V - v i s i b l e  r a d i a t i o n )  have been d e t e c t e d  i n  a v a r i e t y  o f  exper imen-  
t a l  c o a l -  and o i l  s h a l e - d e r i v e d  s y n t h e t i c  f u e l s  u s i n g  S. typh imur ium 
s t r a i n  TA98 and f l u o r e s c e n t  l i g h t .  I n  t h i s  s t u d y ,  photomutagen ic  
a c t i v i t y  was measured among s y n f u e l  samples t h a t  i n c l u d e d  c rude  and 
h y d r o t r e a t e d  sha le  o i l ,  c o a l  o i l  d i s t i l l a t i o n  f r a c t i o n s ,  and chemi- 
c a l  c l a s s  f r a c t i o n s  o f  c o a l  and s h a l e  oils. Photomutagen ic  a c t i v i t y  
was found t o  i n c r e a s e  w i t h  i n c r e a s i n g  b o i l i n g  p o i n t  and was concen- 
t r a t e d  i n  f r a c t i o n s  e n r i c h e d  i n  n e u t r a l  p o l y c y c l i c  a r o m a t i c  h y d r o -  
carbons  (PAH). These r e s u l t s  p o i n t  t o  h i g h  m o l e c u l a r  we igh t  n e u t r a l  
PAH c o n s t i t u e n t s  as i m p o r t a n t  photomutagen ic  components among t h e  
samples t e s t e d .  The photomutagen ic  a c t i v i t i e s  of  t h e  m a t e r i a l s  t e s -  
t e d  c o r r e l a t e  well w i t h  t h e  p r e v i o u s l y  r e p o r t e d  t u m o r i g e n i c  a c t i v i -  
t i e s  o f  t h e  same samples on mouse s k i n  b u t  c o r r e l a t e  p o o r l y  w i t h  t h e  
p r e v i o u s l y  r e p o r t e d  mu tagen ic  a c t i v i t i e s  i n  t h e  c o n v e n t i o n a l  Salmon- - ella/mammalian-microsome m u t a g e n i c i t y  t e s t  i n  wh ich  n e u t r a l  P r  
f r a c t i o n s  were i n a c t i v e .  

INTRODUCTION 

A need c u r r e n t l y  e x i s t s  f o r  d e v e l o p i n g  a l t e r n a t i v e  energy tech -  
n o l o g i e s  such as  p r o d u c i n g  p e t r o l e u m  s u b s t i t u t e s  f rom c o a l  and o i l  
sha le .  However, t h e  e l e v a t e d  r i s k  f o r  s k i n  cancers  seen among p a s t  
c o a l  and s h a l e  o i l  p r o d u c t i o n  and main tenance worke rs  (1,2) p o i n t s  
t o  a p o t e n t i a l  p rob lem t h a t  must be addressed by t h e  d e v e l o p i n g  syn-  
t h e t i c  f u e l s  t e c h n o l o g i e s .  The haza rds  a s s o c i a t e d  w i t h  s y n f u e l  p r o -  
cesses and m a t e r i a l s  s h o u l d  be i d e n t i f i e d  and m in im ized  p r i o r  t o  
commerc ia l  p r o d u c t i o n .  Accu ra te  t o x i c o l o g i c a l  da ta  i s ,  t h e r e f o r e ,  
needed f o r  r i s k  assessment purposes .  I n  a d d i t i o n ,  i n e x p e n s i v e  and 
r a p i d  t e s t s  t h a t  can  p r e d i c t  tumor i n i t i a t i n g ,  tumor p romot ing ,  
co -ca rc inogen ic  and a n t i c a r c i n o g e n i c  a c t i v i t i e s  among s y n f u e l  sam- 
p l e s  a r e  needed due t o  t h e  p o t e n t i a l l y  l a r g e  number o f  f e e d s t o c k s ,  
c o n v e r s i o n  processes  and p rocess  s t reams.  

The S .  t yph imur ium h i s t i d i n e  r e v e r s i o n  b ioassay  ( t h e  Ames as- 
say )  (3,4') u t i l i z i n g  s t r a i n  TA98 and a r a t  l i v e r  enzyme p r e p a r a t i o n  
has  been o n l y  p a r t i a l l y  s u c c e s s f u l  as a s h o r t - t e r m  b i o a s s a y  f o r  de- 
t e c t i n g  tumor i n i t i a t o r s  and/or  comple te  ca rc inogens  i n  s y n f u e l s  as 
mutagens. A l though  p o s i t i v e  c o r r e l a t i o n s  between t h e  m i c r o b i a l  mu- 
t a  e n i c i t y  and t h e  r e l a t i v e  tumor i n i t i a t i n g  c a p a c i t y  o f  s y n f u e l s  
a n 1  r e l a t e d  m a t e r i a l s  have been observed (5 ,6 ) ,  " f a l s e  n e g a t i v e s "  
have been r e p o r t e d .  For example, a h y d r o t r e a t e d  Paraho s h a l e  o i l  
has  been r e p o r t e d  t o  be c a r c i n o g e n i c  (7-10) b u t  n o t  mutagen ic  
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(9 -12) .  M i c r o b i a l  mu tagens  and c a r c i n o g e n s  have  b o t h  been  r e p o r t e d  
t o  be c o n c e n t r a t e d  i n  t h e  h i g h e s t  b o i l i n g  d i s t i l l a t i o n  f r a c t i o n s  
from s y n t h e t i c  f u e l s  (5, 12-19) .  However, t h e  m i c r o b i a l  mu tagen i -  
c i ty  o f  s y n f u e l  c h e m i c a l  c l a s s  f r a c t i o n s  h a s  b e e n  found t o  r e s i d e  
p r i m a r i l y  i n  f r a c t i o n s  e n r i c h e d  i n  a m i n o - s u b s t i t u t e d  p o l y c y c l i c  a r o -  
ma t i c  compounds (20 ,211 .  N e u t r a l  p o l y c y c l i c  a r o m a t i c  h y d r o c a r -  
bon-en r i ched  s y n f u e l  f r a c t i o n s ,  which h a v e  shown r e l a t i v e l y  h i g h  
c a r c i n o g e n i c  a c t i v i t y ,  h a v e  d e m o n s t r a t e d  l i t t l e  o r  n o  m i c r o b i a l  mu- 
t a g e n i c i t y  ( 1 7 , 2 2 1 .  Based upon t h e s e  l a t t e r  r e s u l t s ,  Ho l l and  e t .  
a 1  ( 2 2 )  h a v e  s u g g e s t e d  t h a t  w i t h  s y n f u e l s ,  t h e  " a p p a r e n t  c o r r x -  
e n  between Ames m u t a g e n i c i t y  and mammalian s k i n  t u m o r g e n i c i t y  may 
be due t o  t h e  c o i n c i d e n t a l  o c c u r r e n c e  o f  two d i s s i m i l a r  c l a s s e s  o f  
mo:eeules." 

Coa l -  a n d  s h a l e - d e r i v e d  l i q u i d s  h a v e  been known t o  p o s s e s s  
p o t e n t  p h o t o t o x i c  p r o p e r t i e s  f o r  many y e a r s  ( i . e . ,  t h e y  enhance  t h e  
l e t h a l i t y  of n o n - i o n i z i n g  r a d i a t i o n )  ( 2 3 ) .  I n  a d d i t i o n ,  a p o s i t i v e  
c o r r e l a t i o n  h a s  been  r e p o r t e d  t o  e x i s t  be tween  t h e  p h o t o t o x i c  and 
c a r c i n o g e n i c  a c t i v i t i e s  o f  p o l y c y c l i c  a r o m a t i c  compounds (24-27) .  
More r e c e n t l y ,  a number o f  s y n f u e l  m a t e r i a l s  h a v e  been  shown t o  pos -  
sess p h o t o m u t a g e n i c  a c t i v i t y ,  i . e . ,  t h e  a b i l i t y  t o  enhance  t h e  muta- 
g e n i c i t y  o f  n o n - i o n i z i n g  r a d i a t i o n  (11 ,28 -34) .  However,  t h e  s i g n i -  
f i c a n c e  o f  t h i s  p h o t o m u t a g e n i c  a c t i v i t y  t o w a r d s  p o t e n t i a l  occupa-  
t i o n a l  h a z a r d s  and t h e  r o l e  o f  pho tomutagens  i n  e f f e c t s  s een  i n  mam- 
mals  a r e  n o t  ye t  c l e a r .  I n  an  e f f o r t  t o  d e t e r m i n e  t h e  c h e m i c a l  na-  
t u r e  o f  pho tomutagens  i n  s y n t h e t i c  f u e l s  and t o  d e t e r m i n e  t h e  r e l a -  
t i o n s h i p  be tween  p h o t o m u t a g e n i c  and  c a r c i n o g e n i c  a c t i v i t i e s ,  we have  
begun t e s t i n g  s y n f u e l  f r a c t i o n s  ( i s o l a t e d  b a s e d  upon b o i l i n g  p o i n t  
and c h e m i c a l  c l a s s )  t h a t  h a v e  been c h e m i c a l l y  c h a r a c t e r i z e d  and  t e s -  
t e d  f o r  s k i n  tumor i n i t i a t i n g  c a p a c i t y .  We r e p o r t  h e r e  o u r  p r o g r e s s  
t o  d a t e  and p r e l i m i n a r y  c o n c l u s i o n s .  

MATERIALS AN0 METHODS 

Samples  

Samples  i n c l u d e d  c o a l - d e r i v e d  m a t e r i a l s  f rom t h e  S o l v e n t  Re- 
f i n e d  C o a l - I  (SRC-I) and  S R C - I 1  p r o c e s s e s .  An SRC-I1 b l e n d  o f  recy- 
c l e  p r o c e s s  s o l v e n t  and  a t m o s p h e r i c  f l a s h  column b o t t o m s  was c o l -  
l e c t e d  a t  t h e  H a r m a r v i l l e ,  PA p r o c e s s  deve lopmen t  u n i t  and was d i s -  
t i l l e d  by Gulf  S c i e n c e  and  Technology c o .  i n t o  t h e  f o l l o w i n g  b o i l i n g  
p o i n t  cu ts  ( O F ) :  300-700,  700-750, 750-800,  800-850, and  850+. 
An SRC-I p r o c e s s  s o l v e n t  was c o l l e c t e d  from t h e  W i l s o n v i l l e ,  A L  p i -  
l o t  p l a n t  o p e r a t e d  by C a t a l y t i c ,  I n c .  and  S o u t h e r n  Company S e r v i c e s  
and was d i s t i l l e d  by Air P r o d u c t s ,  I n c .  (Linwood,  PA) i n t o  b o i l i n g  
p o i n t  cuts which i n c l u d e d  an 8OOoF+ c u t ,  t h e  o n l y  SRC-I c u t  u sed  
i n  t h i s  s t u d y .  (Sample d e s c r i p t i o n s  a r e  summarized i n  r e f .  1 7 ) .  

A c r u d e  P a r a h o  s h a l e  o i l  and a h y d r o t r e a t e d  P a r a h o  s h a l e  o i l  
were o b t a i n e d  from t h e  Oak Ridge N a t i o n a l  L a b o r a t o r y  S y n f u e l s  Re- 
s e a r c h  M a t e r i a l s  R e p o s i t o r y  ( R e p o s i t o r y  r e f .  C 4601 and 4602,  res- 
p e c t i v e l y ) .  The c r u d e  s h a l e  o i l  was p roduced  by t h e  P a r a h o  Oevelop-  
ment Corp .  a t  A n v i l  P o i n t s ,  C O  and h y d r o t r e a t e d  a t  S o h i o ' s  Toledo 
(OH) r e f i n e r y .  The d e n s i t i e s  o f  t h e s e  s a m p l e s  a r e  r e p o r t e d  t o  be 
0 .917  g/ml ( c r u d e )  a n d  0 .842  g/ml ( h y d r o t r e a t e d )  (44). A more com- 
p l e t e  d e s c r i p t i o n  o f  t h e  s h a l e  o i l  s a m p l e s  i s  a v a i l a b l e  i n  r e f .  35. 

The c o a l  o i l  and s h a l e  o i l  s a m p l e s  were a c q u i r e d  from p i l o t  
p l a n t  or p r o c e s s  deve lopmen t  u n i t  t e s t  f a c i l i t i e s  and s h o u l d  n o t  
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n e c e s s a r i l y  be c o n s i d e r e d  t o  be  r e p r e s e n t a t i v e  o f  s y n t h e t i c  f u e l  ma- 
t e r i a l s  t h a t  may e v e n t u a l l y  be  produced a t  commerc ia l - sca le  f a c i l i -  
t i e s  . 
Chemica l  C l a s s  S e p a r a t i o n  

t i o n a t e d  p r i o r  t o  b ioassay  u s i n g  t h e  p rocedure  o f  L a t e r  e t  a l .  
(36 ) .  The s e p a r a t i o n  p rocedure  i n v o l v e d  a d s o r p t i o n  o f  a p p r o x i m a t e l y  
0.1-0.2 g o f  sample o n t o  3 g o f  n e u t r a l  a lum ina ,  p a c k i n g  t h e  a lum ina  
o n t o  6 g o f  f r e s h  a lum ina ,  and s u c c e s s i v e  e l u t i o n  w i t h  hexane ( f r a c -  
t i o n  A l ) ,  benzene (A2) ,  ch1oro fo rm:e thano l  (99 :1 ) (A3)  and 10% e than-  
o l  i n  t e t r a h y d r o f u r a n  (A4) t o  g i v e  f r a c t i o n s  e n r i c h e d  i n  a l i p h a t i c  
hydrocarbons ,  p o l y c y c l i c  a r o m a t i c  hyd roca rbons  (PAH), n i t r o g e n - c o n -  
t a i n i n g  p o l y c y c l i c  a r o m a t i c  compounds (NPAC) and h y d r o x y - s u b s t i t u t e d  
p o l y c y c l i c  a romat i c  compounds (HPAC), r e s p e c t i v e l y .  The coa l -de -  
r i v e d  samples were f r a c t i o n a t e d  u s i n g  a s l i g h t l y  m o d i f i e d  p rocedure  
wh ich  has been r o u t i n e l y  used a t  P a c i f i c  Nor thwes t  L a b o r a t o r y  t o  
genera te  f r a c t i o n s  f o r  chemica l  and b i o l o g i c a l  a n a l y s i s .  The alum- 
i n a  was a c t i v a t e d  by s t o r i n g  a t  1500C, t h e  wa te r  c o n t e n t  o f  t h e  
a lum ina  was m a i n t a i n e d  a t  a p p r o x i m a t e l y  1.5% and methano l  r e p l a c e d  
e t h a n o 1 : t e t r a h y d r o f u r a n  as t h e  f i n a l  e l u e n t .  A l so ,  t h e  sample-ad- 
so rbed  ( 3 9 )  and f r e s h  a lum ina  ( l l g )  were so l ven t -packed  w i t h  hexane 
(37 ,38) .  I t  shou ld  be n o t e d  t h a t  oxygen and s u l f u r  h e t e r o c y c l i c  
compounds e l u t e  p r i m a r i l y  w i t h  t h e  n e u t r a l  PAH-enr iched f r a c t i o n  
(A2)  u s i n g  these p rocedures  (36 ) .  

P r e p a r a t i o n  o f  Samples f o r  P h o t o m u t a g e n i c i t y  T e s t i n g  

p r i o r  t o  b ioassay .  Most o f  t h e  m a t e r i a l s  t e s t e d ,  i n c l u d i n g  t h e  
A2-A4 chemica l  c l a s s  f r a c t i o n s ,  were c o m p l e t e l y  s o l u b l e  i n  DMSO; 
however, when some o f  t h e  c o a l  o i l  d i s t i l l a t e  c u t s  were d i l u t e d  i n  
DMSO, a s m a l l  amount o f  i n s o l u b l e  m a t e r i a l  was observed.  A c o n s i d -  
e r a b l e  p o r t i o n  o f  t h e  c rude  and h y d r o t r e a t e d  s h a l e  o i l s  appeared t o  
be OMSO-insoluble. I n  a l l  cases t h e  DMSO-insoluble components had  
t h e  same appearance (waxy, a g g r e g a t i n g  p a r t i c l e s )  a s  t h e  a l i p h a t i c  
hyd roca rbon  f r a c t i o n s  ( A l )  d i l u t e d  i n  DMSO. The i n s o l u b l e  m a t e r i a l s  
p r e s e n t  i n  t h e  DMSO p r e p a r a t i o n s  o f  t h e  SRC c r u d e  d i s t i l l a t e  c u t  ma- 
t e r i a l s  and t h e  s h a l e  o i l s  were assumed t o  be  t h e  a l i p h a t i c  h y d r o -  
carbon components. The a l i p h a t i c  hyd roca rbon  f r a c t i o n  w e i g h t  p e r -  
c e n t  compos i t i ons  o f  t h e  SRC-I1 300-70DOF, 700-750°F, 
750-800°F, 80O-85O0F and 8500F+ d i s t i l l a t e s  have been r e p o r t e d  
t o  be  32, 15, 15, 4 and 2%, r e s p e c t i v e l y  (39 ) .  The c rude  and h y d r o -  
t r e a t e d  Paraho s h a l e  o i l s  have been r e p o r t e d  t o  c o n t a i n  45  and 16% 
DMSO-extractable m a t e r i a l ,  r e s p e c t i v e l y  ( 2 9 ) .  An aqueous s o l u t i o n  
o f  an a l i p h a t i c  hyd roca rbon-en r i ched  ( A l )  f r a c t i o n  was p r e p a r e d  us-  
i n g  t h e  d e t e r g e n t  Tween 80 (Sigma) and methods p r e v i o u s l y  d e s c r i b e d  
(40-42) .  I n  b r i e f ,  an aqueous p r e p a r a t i o n  was made w i th  t h e  A 1  
f r a c t i o n  a t  2 mg/ml and 20% ( v / v )  Tween 80 i n  d i s t i l l e d  w a t e r .  Bac- 
t e r i a l  suspens ions  were exposed t o  t h e  t e s t  subs tances  by  a d d i n g  0 . 1  
m l  o f  t h e  aqueous o r  OMSO p r e p a r a t i o n  t o  3.9 m l  o f  b a c t e r i a l  suspen- 
s i o n ,  g i v i n g  f i n a l  t r e a t m e n t  c o n c e n t r a t i o n s  o f  e i t h e r  2.5% DMSO 
( v / v )  or  0.5% Tween 80 ( v / v ) .  I n  t r e a t m e n t s  w i t h  DMSO p r e p a r a t i o n s  
h a v i n g  an  i n s o l u b l e  a l i p h a t i c  hyd roca rbon  component, t h e  a c t u a l  o i l  
c o n c e n t r a t i o n  i n  s o l u t i o n  would b e  reduced  i n  p r o p o r t i o n  t o  t h e  
amount o f  DMSO-insoluble ( a l i p h a t i c )  m a t e r i a l  p r e s e n t .  

The h y d r o t r e a t e d  Paraho s h a l e  o i l  sample was c h e m i c a l l y  f r a c -  

S y n f u e l  samples were d i l u t e d  and mixed i n  DMSO (Sigma, Grade 1) 
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B i o a s s a y  

d e s c r i b e d  p r e v i o u s l y  (11) and were  s l i g h t  m o d i f i c a t i o n s  o f  t h e  meth- 
od  of Ames e t  a l .  ( 3 )  and  Maron and Ames ( 4 ) .  S u s p e n s i o n s  o f  Salmon- 
e l l a  contai-1-2x109 c e l l s / m l  i n  p h o s p h a t e  b u f f e r  (0.1 M, pH 
7.4) were  u n t r e a t e d  or t r e a t e d  w i t h  1) f l u o r e s c e n t  r a d i a t i E n ,  2 )  
t e s t  s u b s t a n c e  ( i n  t h e  d a r k ) ,  or 3 )  f l u o r e s c e n t  r a d i a t i o n  and t e s t  
s u b s t a n c e ,  c o n c u r r e n t l y .  F l u o r e s c e n t  r a d i a t i o n  was from G e n e r a l  
E l e c t r i c  and P h i l i p s  ( W e s t i n g h o u s e )  15 Watt  c o o l  w h i t e  f l u o r e s c e n t  
t u b e s  w i t h  an i r r a d i a n c e  t o  t h e  s u s p e n s i o n s  o f  18 W/m2. (The i r -  
r a d i a n c e  was 1 7  W/m2 i n  t e s t s  o f  t h e  u n f r a c t i o n a t e d  s h a l e  oils.) 
Fo;lo*ing p i e d e t e r m i n e d  d u r a t i o n s  o f  e x p o s u r e  t o  t e s t  s u b s t a n c e  
a n d / o r  r a d i a t i o n ,  0 .1  m l  vo lumes  o f  t r e a t e d  s u s p e n s i o n s  were removed 
f o r  measurements  o f  m u t a t i o n  (as r e v e r s i o n  t o  h i s t i d i n e  p r o t o t r o p h y )  
o r  s u r v i v a l .  H i s t i d i n e  r e v e r s i o n  was measured u s i n g  t h e  p l a t e  i n -  
c o r p o r a t i o n  method ( 3 )  w i t h  t o p  a g a r  supp lemen ted  w i t h  0 .1  m l  of  nu-  
t r i e n t  b r o t h  and  i n s u f f i c i e n t  h i s t i d i n e  f o r  g rowth  o f  n o n - r e v e r t a n t s  
t o  m a c r o s c o p i c  c o l o n i e s .  S u r v i v a l  was measured f o l l o w i n g  d i l u t i o n  
i n  n u t r i e n t  b r o t h  b y  p l a t i n g  0 . 1  m l  volumes u s i n g  t h e  p l a t e  i n c o r -  
p o r a t i o n  method ( 3 )  w i t h  t o p  a g a r  supp lemen ted  w i t h  0 . 1 5  m l  o f  0.1 E 
h i s t i d i n e  H C 1  ( S i g m a ) .  S t r a i n  T A 9 8  was u s e d  i n  a l l  e x p e r i m e n t s .  

T h e  Salmonella/mammalian-microsome t es t  p r o c e d u r e  o f  Ames 
a l .  ( 3 )  and  Maron and Ames ( 4 )  was u s e d  w i t h  minor  m o d i f i c a t i o n s  a s  
= s c r i b e d  i n  r e f .  33. S t r a i n  TA98 was used i n  a l l  e x p e r i m e n t s .  

R e v e r t a n t  a n d  s u r v i v i n g  c o l o n i e s  were c o u n t e d  f o l l o w i n g  2 - 3  
d a y s  i n c u b a t i o n  a t  37.5oC. T h e  s p o n t a n e o u s  number o f  r e v e r -  
t a n t s / p l a t e  o b s e r v e d  i n  t h e  a b s e n c e  o f  t r e a t m e n t  was s u b t r a c t e d  from 
r e v e r t a n t / p l a t e  v a l u e s  o b s e r v e d  on m u t a t i o n  a s s a y  p l a t e s  t o  g i v e  
c o r r e c t e d  r e v e r t a n t / p l a t e  v a l u e s  f o r  e a c h  t r e a t m e n t .  Based upon t h e  
number o f  c o r r e c t e d  r e v e r t a n t s / p l a t e  and t h e  c o r r e s p o n d i n g  number o f  
s u r v i v o r s  f o r  e a c h  t r e a t m e n t ,  t h e  m u t a t i o n  f r e q u e n c y  r e s p o n s e  ( i n  
r e v e r t a n t s / l 0 9  s u r v i v o r s )  was c a l c u l a t e d  by t h e  method o f  Green 
and M u r i e l  ( 4 3 ) .  The m u t a t i o n  f r e q u e n c y  r e s p o n s e  t o  f l u o r e s c e n t  
l i g h t  ( i n  t h e  a b s e n c e  o f  t e s t  s u b s t a n c e )  was s u b t r a c t e d  from t h e  mu- 
t a t i o n  f r e q u e n c y  r e s p o n s e s  t o  l i g h t  and t es t  s u b s t a n c e s  t o  g i v e  the 
c o r r e c t e d  r e v e r t a n t s / l 0 9  s u r v i v o r s  ( p l o t t e d  i n  t h e  t e x t  f i g u r e s ) .  
Tex t  F i g u r e s  2 a n d  3 and  T a b l e s  1 and  2 g i v e  means and  s t a n d a r d  de- 
v i a t i o n s  f o r  v a l u e s  o b t a i n e d  from m u l t i p l e ,  i n d p e n d e n t  e x p e r i m e n t s  
(where t h e y  c a n  b e  p l o t t e d ) .  

P h o t o m u t a t i o n  a s s a y  p r o c e d u r e s  were p e r f o r m e d  e s s e n t i a l l y  a s  

RESULTS 

E f f e c t  o f  H y d r o t r e a t m e n t  on t h e  M u t a g e n i c i t y  o f  S h a l e  O i l  

Crude a n d  h y d r o t r e a t e d  P a r a h o  s h a l e  o i l  s amples  were t e s t e d  f o r  
m u t a g e n i c i t y  1) i n  t h e  Salmonella/mammalian-microsome t e s t  and  2 )  i n  
t h e  p h o t o m u t a t i o n  a s s a y .  When t h e  p a r e n t  c r u d e  and h y d r o t r e a t e d  
oils were t e s t e d  i n  t h e  Salmonella/mammalian-microsome t e s t  i n  t h e  
a b s e n c e  o f  m i c r o s o m a l  enzymes and i n  t h e  p h o t o m u t a t i o n  a s s a y  i n  t h e  
a b s e n c e  of l i g h t ,  m u t a g e n i c  r e s p o n s e s  t o  t h e  o i l s  were n o t  d e t e c t e d ;  
d i r e c t - a c t i n g  mutagens  were  n o t  d e t e c t e d  i n  e i t h e r  o i l .  When t h e  
o i l s  were t e s t e d  u s i n g  a mic rosomal  enzyme p r e p a r a t i o n  ( S 9 ) ,  t h e  re -  
s u l t s  shown i n  F i g u r e  1 were o b t a i n e d .  
i n  ag reemen t  with o t h e r  s t u d i e s  (9 -10 ,121  i n  showing t h a t  t h e  c r u d e  
Pa raho  s h a l e  o i l  i s  mutagen ic  and t h e  h y d r o t r e a t e d  s h a l e  o i l  i s  n o t  
d e t e c t a b l y  m u t a g e n i c  t o w a r d s  S a l m o n e l l a  when t e s t e d  i n  t h e  p r e s e n c e  

These  r e s u l t s  ( F i g .  1) a r e  
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o f  r a t  l i v e r  microsomal  enzymes ( i . e . ,  t h e  Ames a s s a y ) .  S l o p e  v a l -  
u e s  ( r e v e r t a n t s / u g )  f o r  t h e  r e s p o n s e s  shown i n  F i g u r e  1 were c a l c u -  
l a t e d  u s i n g  d a t a  from i n i t i a l  l i n e a r  r e g i o n s  o f  d o s e - r e s p o n s e  c u r v e s  
and a r e  g i v e n  i n  T a b l e  1 ( i n  t h e  " A m e s  a s s a y "  co lumn) .  

The pho tomutagen ic  r e s p o n s e s  o f  S a l m o n e l l a  s u s p e n s i o n s  t o  
f l u o r e s c e n t  l i g h t  p l u s  e i t h e r  t h e  c r u d e  s h a l e  o i l  o r  t h e  h y d r o t r e a t -  
e d  p r o d u c t  o i l  a r e  shown i n  F i g u r e  2 .  The s h a l e  o i l s  were  t e s t e d  a t  
s e v e r a l  c o n c e n t r a t i o n s  and t h e  m u t a t i o n  f r e q u e n c y  r e s p o n s e s  a r e  
p l o t t e d  i n  F i g u r e  2 a s  a f u n c t i o n  o f  t h e  p r o d u c t  o f  s h a l e  o i l  con -  
c e n t r a t i o n  t i m e s  d u r a t i o n  o f  i r r a d i a t i o n .  The a p p a r e n t  dependency  
o f  t h e  pho tomutagen ic  r e s p o n s e s  on t h e  p r o d u c t  o f  o i l  c o n c e n t r a t i o n  
t i m e s  l i g h t  e x p o s u r e  d e m o n s t r a t e s  a form o f  " r e c i p r o c i t y "  o f  o i l  and 
l i g h t  d o s e s  on t h e  p h o t o m u t a g e n i c  r e s p o n s e ,  a phenomenon o b s e r v e d  
p r e v i o u s l y  wi th  an E a s t e r n  U.S. s h a l e  o i l  s a m p l e  ( 3 4 ) .  The re-  
s p o n s e s  shown i n  F i g u r e  2 were  n o r m a l i z e d  t o  r e f l e c t  t h e  r e s p o n s e  t o  
100 ug/ml and s l o p e  v a l u e s  f o r  l i n e a r  f i t s  o f  t h e  m u t a t i o n  f r e q u e n c y  
r e s p o n s e s  a s  a f u n c t i o n  of m i n u t e s  i r r a d i a t e d  a r e  g i v e n  i n  T a b l e  1. 
Based upon t h e s e  s l o p e  v a l u e s ,  h y d r o t r e a t m e n t  r e d u c e d  pho tomutagen-  
i c i t y  by a p p r o x i m a t e l y  78%. 

P h o t o m u t a g e n i c i t y  o f  H y d r o t r e a t e d  P a r a h o  S h a l e  O i l  Chemical  Class 
F r a c t i o n s  

Column ch romatography  o f  t h e  h y d r o t r e a t e d  P a r a h o  s h a l e  o i l  on 
n e u t r a l  a lumina ( a s  d e s c r i b e d  i n  r e f s .  36-38) y i e l d e d  f r a c t i o n s  
t e r m e d  A l ,  A2, A3 and A4 which were  e n r i c h e d  i n  a l i p h a t i c  h y d r o c a r -  
b o n s ,  n e u t r a l  p o l y c y c l i c  a r o m a t i c  h y d r o c a r b o n s  (PAH), n i t r o g e n - c o n -  
t a i n i n g  p o l y c y c l i c  a r o m a t i c  compounds (NPAC), and  h y d r o x y - s u b s t i t u -  
t e d  PAC (HPflC) r e s p e c t i v e l y .  F r a c t i o n s  from s e v e r a l  c h e m i c a l  c l a s s  
f r a c t i o n a t i o n s  were b i o a s s a y e d ;  t h e  t o t a l  r e c o v e r y  o f  m a t e r i a l  e lu-  
t e d  by a lumina  column ch romatography  was > 84%. The p e r c e n t a g e  o f  
t h e  o r i g i n a l  m a t e r i a l  r e c o v e r e d  i n  e a c h  f r a c t i o n  was: A l ,  70-71%; 
A2, 10-11%; A 3 ,  1%; and A 4 ,  2-10%. ( V a l u e s  r e p r e s e n t  t h e  r a n g e  o f  
r e c o v e r i e s  from m u l t i p l e  d e t e r m i n a t i o n s . )  These  resul ts  a r e  i n  r e a -  
s o n a b l y  good ag reemen t  w i t h  v a l u e s  r e p o r t e d  f o r  a d i f f e r e n t  s e p a r a -  
t i o n  p r o c e d u r e ;  i . e . ,  66 .5% s a t u r a t e s ,  9 . 8 %  PAH, 5 .4% NPAC, 0 . 9 %  po- 
l a r s  and 82.6% t o t a l  r e c o v e r y  ( 4 5 ) .  The d i f f e r e n c e s  i n  r e c o v e r i e s  
o f  p o l a r  compounds may r e f l e c t  an  e f f e c t  o f  a l k y l  s u b s t i t u t i o n s  ( a l -  
k y l a t i o n  r e s u l t i n g  i n  p a r t  from h y d r o t r e a t m e n t )  on c h e m i c a l  c l a s s  
s e p a r a t i o n  schemes b a s e d  upon t h e  p o l a r i t y  o f  t h e  s a m p l e .  The A2-A4 
f r a c t i o n s  were each  t e s t e d  f o r  p h o t o m u t a g e n i c i t y  u s i n g  100 ug /ml ;  
t h e  m u t a t i o n  f r e q u e n c y  r e s p o n s e s  a r e  shown i n  F i g u r e  3. F i g u r e  3 
shows t h a t  t h e  A2 f r a c t i o n  was t h e  most pho tomutagen ic  f r a c t i o n ,  a l -  
t hough  a l l  t h r e e  f r a c t i o n s  were a c t i v e .  The r e c o v e r y  o f  f r a c t i o n  A4 
from t h e  s h a l e  o i l  was h i g h l y  v a r i a b l e  (2-10%). The pho tomutagen ic -  
i t y  o f  t h e  A4 f r a c t i o n  was g e n e r a l l y  l o w e r  when t h e  recovery o f  
f r a c t i o n  A4 was low and t h e  d a t a  f o r  f r a c t i o n  A4 p l o t t e d  i n  F i g u r e  3 
a r e  from an  A 4  f r a c t i o n  i n  which h i g h  r e c o v e r y  was o b t a i n e d .  S l o p e  
v a l u e s  f o r  m u t a t i o n  f r e q u e n c y  r e s p o n s e s  a s  a f u n c t i o n  o f  m i n u t e s  i r -  
r a d i a t e d  a r e  g i v e n  i n  T a b l e  1. 

P h o t o m u t a g e n i c i t y  of Coal  Oils a s  a F u n c t i o n  of B o i l i n g  P o i n t  Range 

SRC-I1 d i s t i l l a t i o n  c u t s  h a v i n g  d i f f e r e n t  b o i l i n g  p o i n t  r a n g e s  
were  t e s t e d  f o r  pho tomutagen ic  a c t i v i t y  u s i n g  5 0  ug/ml o f  e a c h  o i l  
(less t h e  DMSO-insoluble component ,  see M a t e r i a l s  and Methods ) .  
S l o p e  v a l u e s  f o r  m u t a t i o n  f r e q u e n c y  r e s p o n s e s  a s  a f u n c t i o n  o f  m i n -  
u t e s  i r r a d i a t e d  a r e  g i v e n  i n  T a b l e  2.  The d a t a  show a t r e n d  t o w a r d s  
h i g h e r  p h o t o m u t a g e n i c  a c t i v i t y  w i t h  i n c r e a s i n g  b o i l i n g  p o i n t  o f  t h e  
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m a t e r i a l  t e s t e d .  I n  t h e  a b s e n c e  of  f l u o r e s c e n t  l i g h t  i r r a d i a t i o n ,  
t h e  same S R C - I 1  c u t s  were  n o t  d e t e c t a b l y  mutagen ic ,  e x c e p t  t h e  
800-850oF c u t ,  which gave  r e s p o n s e s  t h a t  were s u g g e s t i v e  of a v e r y  
l o w  l eve l  of d i r e c t - a c t i n g  ( n o n - p h o t o s e n s i t i z e d )  mutagen ic  a c t i v i -  
t y .  T r e a t m e n t  w i t h  100 ug/ml of  t h e  800-850° c u t  f o r  two h o u r s  i n  
t h e  d a r k  r e s u l t e d  i n  3 4  r e v e r t a n t s  p e r  p l a t e  above  background .  

P h o t o m u t a q e n i c i t y  of Coa l  O i l  Chemica l  C l a s s  F r a c t i o n s  

T h e  SRC-I1 800-8500 d i s t i l l a t i o n  c u t  was a l s o  s e p a r a t e d  i n t o  
chemica l  c l a s s  f r a c t i o n s  by column ch romatography  on n e u t r a l  alumi- 
n a .  F r a c t i o n s  from s e v e r a l  s e p a r a t i o n s  were  b i o a s s a y e d ;  i n  t h e s e  
s e p a r a t i o n s  t o t a l  r e c o v e r y  was 2 9 8 % .  T h e  p e r c e n t a g e  o f  t h e  o r i g i n -  
a l  m a t e r i a l  r e c o v e r e d  i n  e a c h  f r a c t i o n  was: A l ,  3 - 4 % ;  A2, 54-55%; 
A 3 ,  23-25%; and  A4, 17%; v a l u e s  t h a t  a r e  i n  r e a s o n a b l e  ag reemen t  
w i t h  p r e v i o u s l y  r e p o r t e d  v a l u e s  ( 1 7 , 3 9 , 4 6 ) .  F r a c t i o n s  were p r e p a r e d  
f o r  b i o a s s a y  a s  s o l u t i o n s  i n  DMSO e x c e p t  f r a c t i o n  A l ,  which was i n -  
s o l u b l e  i n  DMSO and was p r e p a r e d  a s  a DMSO "slurry" and  a s  an aque-  
ous s o l u t i o n  w i t h  Tween 80. The s l o p e  v a l u e s  r e p r e s e n t i n g  t h e  muta- 
t i o n  f r e q u e n c y  r e s p o n s e  t o  f r a c t i o n s  A1-A4 a s  a f u n c t i o n  o f  m i n u t e s  
i r r a d i a t e d  a r e  g i v e n  i n  T a b l e  2. T h e  A2 f r a c t i o n  was c l e a r l y  t h e  
m o s t  p h o t o m u t a g e n i c  f r a c t i o n ;  t h e  A 3  f r a c t i o n  was a l s o  photomutagen- 
i c ,  b u t  t h e  A 1  f r a c t i o n  was i n a c t i v e  when t e s t e d  e i t h e r  a s  a DMSO 
s l u r r y  o r  a s  an  aqueous  p r e p a r a t i o n  w i t h  Tween 80. The  A 4  f r a c t i o n  
was o n l y  s l i g h t l y  a c t i v e  o r  i n a c t i v e .  The SRC-I1 A1-A4 f r a c t i o n s  
were n o t  d e t e c t a b l y  m u t a g e n i c  when t e s t e d  i n  the  d a r k ,  excep t  f r a c -  
t i o n  A 3 ,  w h i c h  i n d u c e d  34 r e v e r t a n t s  pe r  p l a t e  above  background f o l -  
l owing  two  h o u r s  of  e x p o s u r e .  

An SRC-I 8000+ d i s t i l l a t e  was a l s o  s e p a r a t e d  i n t o  f r a c t i o n s  
A l - A 4 ;  however ,  on ly  t h e  A2 f r a c t i o n  was s o l u b l e  i n  t h e  b i o a s s a y  
system. The A2 f r a c t i o n  was t e s t e d  i n  a p r e l i m i n a r y  e x p e r i m e n t  
( d a t a  n o t  shown) and found t o  have  no d e t e c t a b l e  m u t a g e n i c i t y  i n  the  
d a r k ;  however ,  i n  t h e  p r e s e n c e  o f  l i g h t  t h e  A2 f r a c t i o n  was h i g h l y  
pho tomutagen ic ,  showing a l e v e l  o f  a c t i v i t y  s i m i l a r  t o  t h a t  i nduced  
by t h e  A2 , f r a c t i o n  of t h e  SRC-I1 800-850° c u t  ( T a b l e  2 ) .  

DISCUSSION 

Al though a r e l a t i v e l y  l i m i t e d  number of  s amples  h a v e  been  t e s -  
t e d ,  o u r  d a t a  s u g g e s t  t h a t  h i g h  b o i l i n g  p o i n t  components  i n  t h e  PAH- 
e n r i c h e d  f r a c t i o n  a r e  t h e  d e t e r m i n a n t  c h e m i c a l  pho tomutagen( s  i n  
s y n t h e t i c  f u e l s .  S u b s t a n t i a l  p h o t o m u t a g e n i c i t y  was a l s o  measured i n  
coal o i l  and s h a l e  o i l  NPAC f r a c t i o n s  and  t h e  HPAC s h a l e  o i l  f r a c -  
t i o n .  T h e  HPAC and a l i p h a t i c  hydroca rbon  f r a c t i o n s  i s o l a t e d  from 
the  SRC m a t e r i a l s  were  r e l a t i v e l y  i n a c t i v e .  S t r n i s t e  e t .  a l .  (31)  
h a s  r e p o r t e d  s i m i l a r  r e s u l t s  i n  which e s s e n t i a l l y  a l l  m t o m u t a -  
gens  (measured  u s i n g  c u l t u r e d  mammalian c e l l s )  p r e s e n t  i n  a s h a l e  
o i l  r e t o r t  b y - p r o d u c t  w a t e r  p a r t i t i o n e d  i n t o  a b a s e -  and  n e u t r a l - e n -  
r i c h e d  f r a c t i o n .  

a v a i l a b l e  i n  t h e  l i t e r a t u r e  ( e . g . ,  1 7 , 1 8 , 4 5 ) .  Numerous PAH have  
been i d e n t i f i e d  among t h e  samples  t e s t e d ,  i n c l u d i n g  a v a r i e t y  of 
f o u r -  and f i v e - r i n g  compounds and a l k y l  d e r i v a t i v e s  t h e r e o f ,  and 
c a r c i n o g e n s  s u c h  a s  b e n z o ( a ) a n t h r a c e n e ,  m e t h y l c h r y s e n e s  b e n z o f l u o r -  
a n t h e n e s  and b e n z o ( a ) p y r e n e .  I t  is  n o t  y e t  known which compounds 
p r e s e n t  i n  t h e  PAH f r a c t i o n s  were r e s p o n s i b l e  f o r  pho tomutagen ic  ac -  
t i v i t y .  B e n z o ( a ) p y r e n e  h a s  been r e p o r t e d  t o  be pho tomutagen ic  i n  
c u l t u r e d  mammalian c e l l s  ( 3 2 )  and  U V  r a d i a t i o n  can  enhance  ( a n d  

Chemica l  a n a l y s e s  of  PAH p r e s e n t  i n  t h e  m a t e r i a l s  t e s t e d  a r e  
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i n h i b i t )  t h e  c a r c i n o g e n i c  response o f  mammalian c e l l s  t o  benzo(a ) -  
pyrene ( 4 7 ) .  The occu r rence  o f  ca rc inogens  and mutagens such as 
benzo(a)pyrene i n  samples t h a t  were n o t  mutagen ic  w i t h  enzyme a c t i -  
v a t i o n  (SRC-I1 800-8500 A2 f r a c t i o n ,  S R C - I  8000+ A2 f r a c t i o n ,  
h y d r o t r e a t e d  Paraho s h a l e  o i l ,  see Tab les  1 and 2 )  sugges ts  t h e  
presence o f  an t imutagens i n  these  samples. Haugen and Peak ( 4 8 )  
have shown t h a t  u n d e f i n e d  components can i n h i b i t  t h e  m ic rosoma l  en- 
zyme a c t i v a t i o n  o f  mutagens i n  c o a l  l i q u i d s .  Some h e t e r o a t o m i c  com- 
pounds can a l s o  be  expec ted  t o  be p r e s e n t  i n  t h e  A2 f r a c t i o n s .  F o r  
example, an S R C - I 1  heavy d i s t i l l a t e  ( f r o m  wh ich  t h e  800-85OoF c u t  
was i n  p a r t  d e r i v e d )  has  been shown t o  c o n t a i n  t h r e e  and f o u r  r i n g  
th iophene  ana logs ,  as w e l l  as d i b e n z o f u r a n  and m e t h y l d i b e n z o f u r a n  
(30). N i t r o g e n  h e t e r o c y c l i c s  i d e n t i f i e d  i n  t h e  h y d r o t r e a t e d  Paraho 
s h a l e  o i l  i n c l u d e  a l k y l a t e d  and u n s u b s t i t u t e d  c a r b a z o l e s ,  benzocar -  
b a z o l e ( s ) ,  and azapy rene(s )  ( 3 6 ) .  The NPAC f r a c t i o n  o f  t h e  SRC-I1 
800-8500F c u t  has been r e p o r t e d  t o  c o n t a i n  a h i g h  c o n c e n t r a t i o n  o f  
b e n z o ( a ) c a r b a z o l e  (20 .5  mg/g) and lower  amounts o f  azapyrenes ,  
2 -aza f luo ran thene ,  and numerous a m i n o - s u b s t i t u t e d  PAH ( 1 7 ) .  

between mutagen ic  and c a r c i n o g e n i c  a c t i v i t i e s  i n  complex m i x t u r e s  
such as s y n t h e t i c  f u e l s .  Tab les  1 and 2 g i v e  d a t a  i n d i c a t i v e  o f  
c a r c i n o g e n i c i t y ,  p h o t o m u t a g e n i c i t y ,  and m u t a g e n i c i t y  i n  t h e  p resence  
o f  mic rosomal  enzymes (Ames assay )  f o r  s h a l e  o i l  ( T a b l e  1) and c o a l  
o i l  ( T a b l e  2 )  m a t e r i a l s .  Bo th  t h e  c rude  and h y d r o t r e a t e d  Paraho 
s h a l e  o i l  samples have been r e p o r t e d  t o  b e  c a r c i n o g e n i c  f o l l o w i n g  
c h r o n i c  dermal  a p p l i c a t i o n s  t o  mouse s k i n .  H y d r o t r e a t m e n t  was r e -  
p o r t e d  t o  reduce b u t  n o t  e l i m i n a t e  c a r c i n o g e n i c i t y  (7-101, and t h e  
c a r c i n o g e n i c  p o t e n c i e s  o f  t h e  c rude and h y d r o t r e a t e d  Paraho s h a l e  
oils g i v e n  i n  Tab le  1 a r e  r e l a t i v e  t o  t h e  response t o  benzo(a )py rene  
(8). The c a r c i n o g e n i c  p o t e n c i e s  o f  t h e  c o a l  o i l  m a t e r i a l s  g i v e n  i n  
Tab le  2 were d e r i v e d  f rom c h r o n i c  and/or  i n i t i a t i o n - p r o m o t i o n  ( I P )  
mouse s k i n  p a i n t i n g  t e s t s .  The c a r c i n o g e n i c i t y  r e s u l t s  and t h e  mu- 
t a g e n i c i t y  w i t h  enzyme a c t i v a t i o n  ( i .e . ,  Ames assay r e s u l t s  u s i n g  
s t r a i n  TA98) f o r  t h e  c o a l  o i l s  ( T a b l e  2 )  have been n o r m a l i z e d  t o  
g i v e  responses  r e l a t i v e  t o  t h e  response t o  an SRC-I1 heavy  d i s t i l -  
l a t e ,  a r b i t r a r i l y  g i v e n  a v a l u e  o f  100 (39 ) .  

A compar ison o f  t h e  c a r c i n o g e n i c  and mutagen ic  a c t i v i t i e s  g i v e n  
i n  Tab les  1 and 2 s h o u l d  be approached w i t h  c a u t i o n .  The d a t a  i n  
Tab les  1 and 2 were t o  some degree d e r i v e d  by p rocedures  t h a t  p r o -  
v i d e  e s t i m a t e s  and d i f f e r e n t  ana lyses  were a p p a r e n t l y  used  t o  a r r i v e  
a t  t h e  c a r c i n o g e n i c i t y  v a l u e s  g i v e n  f o r  t h e  s h a l e  o i l s ,  t h e  SRC-I1 
d i s t i l l a t e s  and t h e  S R C - I 1  800-850° chemica l  c l a s s  f r a c t i o n s .  A 
c a u t i o u s  approach f o r  compar ing  t h e  b ioassay  r e s u l t s  wou ld  be  t o  
c o n s i d e r  o n l y  whether a t e s t  subs tance produced p o s i t i v e  or n e g a t i v e  
r e s u l t s .  The most o b v i o u s  d i sc repancy  between assays was obse rved  
w i t h  t h e  S R C - I 1  800-8500 A2 f r a c t i o n  ( T a b l e  21, wh ich  was h i g h l y  
c a r c i n o g e n i c  and h i g h l y  photomutagen ic  b u t  was n o t  mutagen ic  w i t h  
enzyme a c t i v a t i o n .  S i m i l a r l y ,  an SRC-I 8000+ A2 f r a c t i o n  ( n o t  
shown i n  Tab le  2 )  was observed t o  be  h i g h l y  c a r c i n o g e n i c  i n  t h e  i n -  
i t i a t i o n - p r o m o t i o n  t e s t  ( 4 9 ) ,  h i g h l y  photomutagen ic  i n  a p r e l i m i n a r y  
t e s t  (see  R e s u l t s ) ,  b u t  n o t  mutagen ic  w i t h  enzyme a c t i v a t i o n  (19) .  
The h y d r o t r e a t e d  Paraho s h a l e  o i l  ( T a b l e  1) was a l s o  found  t o  b e  po- 
s i t i v e  f o r  c a r c i n o g e n i c i t y  and p h o t o m u t a g e n i c i t y  b u t  n o t  mutagen ic  
w i t h  enzyme a c t i v a t i o n  (9,10,12, Tab le  11, a l t h o u g h  one s t u d y  ( 5 0 )  
r e p o r t e d  a l ow  l e v e l  o f  enzyme-mediated muta e n i c i t y  (0.24 r e v e r -  
t a n t s / u g )  f o r  t h i s  sample.  
e l i c i t e d  an a p p a r e n t l y  " f a l s e  p o s i t i v e "  response,  b e i n g  a p p a r e n t l y  

T h i s  s tudy  was conducted  i n  p a r t  t o  de te rm ine  t h e  r e l a t i o n s h i p  

The SRC-I1 300-7800 c u t  ( T a b l e  2 )  
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n e g a t i v e  f o r  c a r c i n o g e n i c i t y  and p h o t o m u t a g e n i c i t y  b u t  p o s i t i v e  f o r  
enzyme-mediated m u t a g e n i c i t y .  Ano the r  r e p o r t  ( 5 1 )  a l s o  found t h i s  
sample t o  b e  m u t a g e n i c  w i t h  enzyme a c t i v a t i o n ,  a l t h o u g h  two o t h e r s  
( 1 8 , 4 6 )  d i d  n o t .  Of t h e  r e m a i n i n g  s a m p l e s ,  t h e  c r u d e  Fa raho  s h a l e  
o i l ,  t h e  SRC-I1 700-750°,  750-800°, and 800-8500 c u t s  and t h e  
800-8500 A 3  f r a c t i o n  were a l l  p o s i t i v e  f o r  c a r c i n o g e n i c i t y ,  pho to -  
m u t a g e n i c i t y ,  and  m u t a g e n i c i t y  w i t h  enzyme a c t i v a t i o n ;  t h e  SRC-I1 
800-8500 A 1  a n d  A4 f r a c t i o n s  were a l l  n e g a t i v e  i n  t h e  t h r e e  b i o a s -  
s a y s  o r  gave  r e s p o n s e s  t h a t  were s u g g e s t i v e  o f  a low l e v e l  o f  a c t i -  
v i t y .  

i c i t y ,  p h o t o m u t a g e n i c i t y  and enzyme-mediated m u t a g e n i c i t y ,  i n  7 
c a s e s  t h e r e  was a g r e e m e n t  between a l l  t h r e e  a s s a y s  and i n  4 c a s e s  
t h e  p h o t o m u t a g e n i c i t y  d a t a  was i n  b e t t e r  q u a l i t a t i v e  a g r e e m e n t  w i t h  
c a r c i n o g e n i c i t y  t h a n  were t h e  m u t a g e n i c i t y  d a t a  o b t a i n e d  u s i n g  en-  
zyme a c t i v a t i o n .  The s t r o n g  ag reemen t  between p h o t o m u t a g e n i c i t y  and 
c a r c i n o g e n i c i t y  among t h e  s y n f u e l  m a t e r i a l s  c o u l d  b e  c o i n c i d e n t a l .  
However, t h e  a g r e e m e n t  is  s u f f i c i e n t l y  e x t e n s i v e  t o  c o n s i d e r  p o s s i -  
b l e  f u n d a m e n t a l  u n d e r l y i n g  r e l a t i o n s h i p s .  I t  i s  p o s s i b l e  t h a t  a n i -  
mals  exposed  t o  the  s y n f u e l s  were a l s o  exposed  t o  s i g n i f i c a n t  
amounts  of e n v i r o n m e n t a l  r a d i a t i o n  ( s u c h  a s  f l u o r e s c e n t  room l i g h t ) ,  
and t h e  p o s i t i v e  c o r r e l a t i o n  shown i n  T a b l e  2 may r e f l e c t  a media-  
t i o n  o f  c o a l  o i l - i n d u c e d  t u m o r i g e n e s i s  by p h o t o c h e m i c a l  p r o c e s s e s .  
A l t e r n a t i v e l y ,  p h o t o s e n s i t i z e d  e f f e c t s  c a u s e d  by c h e m i c a l s  s u c h  a s  
t h o s e  p r e s e n t  i n  s y n t h e t i c  f u e l s  may h a v e  s e r v e d  a s  a s e l e c t i v e  
p r e s s u r e  f o r  t h e  e v o l u t i o n  o f  t h e  enzymes t h a t  d e g r a d e  p h o t o s e n s i -  
t i z e r s  and a p p a r e n t l y  h a v e  a r o l e  i n  FAC-induced c a r c i n o g e n e s i s .  I t  
i s  a l s o  p o s s i b l e  t h a t  p h o t o m u t a g e n e s i s  and c a r c i n o g e n e s i s  by FAC 
s y n f u e l  components  p r o c e e d  by t h e  same mechan i sm(s ) .  One p o s s i b l e  
common mechanism c o u l d  i n v o l v e  t h e  p a r t i c i p a t i o n  o f  r e a c t i v e  oxygen 
s p e c i e s  s u c h  a s  s u p e r o x i d e  a n i o n ,  which i s  g e n e r a t e d  1) by endogen-  
ous c e l l u l a r  chromophores ,  when i r r a d i a t e d  w i t h  n e a r  UV l i g h t  ( 5 2 1 ,  
2 )  i n  human l u n g s  i n  r e s p o n s e  t o  c h r o n i c  t o b a c c o  smoke e x p o s u r e  
( 5 3 ) ,  and 3 )  p o s s i b l y  a l s o  i n  mouse s k i n  f o l l o w i n g  t r e a t m e n t  w i th  
s y n f u e l  m a t e r i a l s .  

I n  summary, of 11 samples  t h a t  have  been t e s t e d  f o r  c a r c i n o g e n -  
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T a b l e  1. C a r c i n o g e n i c i t y  and M u t a g e n i c i t y  o f  S h a l e  Oils 

M a t e r i a l  
C a r c i n o g e n i c i t y a  M u t a g e n i c i t y  

( c h r o n i c  t e s t )  Amesb Pho tomuta t  i o n C  

Crude  Pa raho  S h a l e  O i l  1 / 9 9 8  3 .720 .1  45220 

H y d r o t r e a t e d  
Paraho  S h a l e  O i l  1 /2780  -0.0004+0.0009 1021  - 7  

H y d r o t r e a t e d  A2 N D ~  
Paraho  S h a l e  
O i l  Chemical A 3  NO 
C l a s s e s  

A4 ND 

N D  4829.0  

ND 3928.2  

ND 3227.8 

aFrom r e f .  8 ,  c a r c i n o g e n i c  p o t e n c i e s  r e l a t i v e  t o  b e n z o ( a ) p y r e n e .  
bTh i s  s t u d y ,  r e v e r t a n t s / u g  o i l .  
CThis s t u d y ,  r e v e r t a n t s / l 0 9  s u r v i v o r s / m i n u t e  i r r a d i a t e d ,  100  u g h 1  
t e s t e d  or  no rma l i zed  t o  g i v e  r e s p o n s e s  t o  100 ug/ml .  
d N D - n o t  d e t e r m i n e d .  

50001 T 
500r 

, 

0 -0-8 0-8-0-0 

O 100 300 500 l p00spoo1~0  
' -LA- 

nl SHALE OILIPLATE 

F i g u r e  1. M u t a g e n i c i t y  o f  c r u d e  
( c l o s e d  symbol s )  and h y d r o t r e a t e d  
(open  symbol s )  Pa raho  s h a l e  o i l s  
t e s t e d  i n  two s e p a r a t e  e x p e r i -  
ments ( c i r c l e s  and t r i a n g l e s )  
w i t h  a microsomal  enzyme p r e p a r a -  

1 

I 
11 t i o n  ( S 9 ) .  

Crude + Light 

0 

v) 

8 4000- 
z 
> a 
3 0) 

? 3000- 
v) 

I- z 
a I- 
W 

5 2000- +, 
a 
0 W 
I- 

V 

100 200 300 
nl SHALE OIL /ml  x HOURS IRRADIATED 

F i g u r e  2 .  P h o t o m u t a g e n i c i t y  o f  
c r u d e  ( c l o s e d  s y m b o l s )  and hydro -  
t r e a t e d  (open  symbol s )  Pa raho  
s h a l e  o i l s  t e s t e d  u s i n g  1 0  (v) ,  
50 (O) ,  l o o  ( O ) , o r  250 ( A )  
n l  o i l / m l .  
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T a b l e  2. C a r c i n o g e n i c i t y  and M u t a g e n i c i t y  of  SRC-I1 
D i s t i l l a t e s  and Chemica l  C l a s s e s  

M a t e r i a l  

D i s t i l l a t e s :  

Heavy d i s t i l l a t e  

300-700°F 

700-750°F 

750-800OF 

800-850°F 

Chemical c l a s s e s :  

800- 850° f r a c t  i o n  A 1  

A2 

A3 

A4 

R e l a t i v e  Re l a  t i v e  
C a r c i n o g e n i c i t y  M u t a g e n i c i t y  

IP" Chron ic"  - Ames" P h o t o m u t a t i o n u  - -  

100 

0 

18 

14 

49 

1oc 

1 5 8  

79  

---c 

100 1 0 0  

0 70 

87 95 

120  138 

157 14 8 

0 

0 

700 

0 

NO 

2.0 2 2 .3  

12  2 9 . 3  

15  2 3.7 

27 2 2 . 2  

1.3 2 3.8 

200 2 101  

32  2 9 . 2  

6.6 2 7.7 

aFrom r e f .  39. Values a r e  re- 
l a t i v e  t o  heavy d i s t i l l a t e ,  g i -  
ven a v a l u e  o f  1 0 0 .  I P  - i n i -  
t i a  t ion-promo t i o n  t e s t  . 
b T h i s  s t u d y ,  r e v e r t a n t s / l 0 9  
s u r v i v o r s / m i n u t e  i r r a d i a t e d ,  50 
ug/ml t e s t e d .  ND - n o t  d e t e r -  
mined. 
CNot a s i g n i f i c a n t  r e s p o n s e .  

F i g u r e  3 .  P h o t o m u t a g e n i c i t y  of  
h y d r o t r e a t e d  P a r a h o  s h a l e  o i l  
chemica l  c l a s s  f r a c t i o n s  t e s t e d  
a t  100 ug/ml .  

HOURS IRRADIATED 
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A Ranking Tool for  P o t e n t i a l l y  Carcinogenic 
Polynuclear  Arcmatic Componuda in Synfuel Products. 

Tnan Yo-Dinh 

Advanced Monitoring Developnent Group 
E e a l t h  and Safety Research Div is ion  

Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37831 

This paper descr iber  t h e  use of a screening procedure t o  rank t h e  content  of 
polynuclear a r o e a t i c  (PNA) spec ies  in synfuel samples. T h e  ranking procednre i s  
based on a cos t -e f fec t ive  and rapid screening technique based on synchronous 
luminescence spectroscopy. The one of the  screening procedure as a b a s i s  f o r  
screening of complex mixtures  rill be discussed. 

INTPOATCTION 

An Important c l a s s  of organic  p o l l u t a n t s  a re  PNA compounds becanae m e  of them 
a r e  h t w n  t o  be converted by metabolic a c t i v a t i o n  t o  u l t imate  carcinogens (1,2). 
Consequently, i t  i a  important t o  monitor PNA compounds in synfuel a u p l e a  on a 
rout ine  bas i s .  A v a r i e t y  of ana ly t ica l  procedures have been developed t o  determine 
t h e  concentrat ions of apecif i c  PNAa. nigh-performance l i q u i d  chrcmatography (BRC) 
and gas  chrcmatography/maas s p e c t r m e t r y  (GC/HS) have been used t o  provide d e t a i l e d  
ana lyses  f o r  a v s r i e t y  of PNAs i n  environmental samples (3 .4 ) .  In many monitor ing 
a i t n a t i o n r ,  tho  prec ise  determinat ion of var ious  s p e c i f i c  PNAr may be nnneceasary 
and a prcrcreening phase i s  requi red  to  reduce t h e  cost of environmental ana lys i s .  

This p r e s e n t a t i o n  d e s c r i b e s  t h e  use of a ranking methodology t h a t  can be naed 
t o  screen synfuel samples f o r  t h e i r  PNA content .  The technique of synchronous 
luminescence (SL) is appl ied  t o  flnoreacence and phosphoreacencc meaaurementa f o r  
c s t a b l i a h i n g  a ranking index (RI) f o r  PNA apeciea.  

*Research sponsored by t h e  Office of Eea l th  and Environmental Research, 
U.S. Depsrtment of Energy, under contract  DE-ACO5-840B21400 with Martin 
h S i C t t 8  Enern Systems, Inc. ! 
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HXPERIMENTL 

me Luminescence Screeninn Techniaue 

The screening procedure evaluated in t h i s  study is  based on t h e  rychronous 
lminescence  t e c h n i q w  (5 .6) .  In conventional luminescence spectroacopp, only one 
of t h e  two s p e c t r a l  wavelengths. 4 m  (emission) or Aex ( e x c i t a t i o n ) ,  is scanned 
whi le  t h e  o ther  rmains  f ixed .  For complex samples, t h e  r e s u l t i n g  spec t ra  obtained 
with this convent ional  procedure a r b  of ten  poorly resolved and f e s t n r e l e r s  because 
of *&e rptctrr? overlays of t h s  e i a a i o n r  fzm Indivi.’ua? coziponrnta. Rowever, by 
scanning both & and bx synchronously with a constant  i n t e r v a l  between the  two 
rsvelen@hs (Aem - Aex = M), the  luminescence spectrum becomes more resolved 
with sharp peaks t h a t  a r e  more r e a d i l y  ident i f ied .  

The synchronous e x c i t a t i o n  technique can he appl ied  both t o  f luorescence,  i . e . .  
synchronous f l u o r i m e t r y  ( S F ) ,  and t o  phosphorescence. i . e . ,  synchronous 
phosphorhe t ry  (SP). For SF, t h e  optimum valoe of AA, usua l ly  s e t  st 3 nm, i s  
d e t e l r l n e d  by t h e  Stokes S h i f t ,  i . e . ,  the wavelength d i f fe rence  betwen the  0 t o  0 
bands in emission and absorpt ion.  For SP, the  optimal value of AA i s  determined by 
t h e  s i n i l e t - t r i p l e t  energy d i f fe rence  of PNA s p e c i e s  t o  he monitored by room 
temperature p h o s p h o r h e t r y  (ETP) ( 7 - 9 ) .  

The ETP technique i s  charac te r ized  by t h e  s i m p l i c i t y  and v e r s a t i l i t y  of i t s  
methodology and c o n s i s t s  geners l ly  of four  s t e p s :  (1) s u b s t r a t e  preparat ion 
(opt ional  pre t rea tment  wi th  heavy-atom s a l t s ) ;  ( 2 )  sample de l ivery ;  (3)  drying; and 
( 4 )  spectroacopic  measurement. Three m i c r o l i t e r s  of sample so lu t ion  were then 
spot ted  on t h e  paper c i r c l e s  using microsyringes wi th  s volume of 3 micro l i te rs .  
Since moisture  can  quench t h e  ETP emission, predrying TES achieved with inf ra red  
h e a t i n )  lamps. Continued dry ing  during the measurement was accomplished by blowing 
warm, dry a i r  through t h e  umple  compartment. Phosphorimetr ic  measurements were 
conducted wi th  a commercial Perkin-Elmer s p e c t r o f l w r i m e t e r  (Hodel 43A) equipped 
with a r o t a t i n g  phosphoroscope. Deta i l s  on the  measurement procedures have been 
descr ibed elsewhere ( 7 . 9 ) .  

The presence of heavy atoms i n  t h e  immediate environment of t h e  molecule can 
s i g n i f i c a n t l y  enhance t h e  populat ion of t h e  t r i p l e t  s t a t e  (ex terna l  heavy-atom 
e f f e c t )  and, t h e r e f o r e ,  t h e  phosphorescence i n t e n s i t y .  For PNA compounds. s l a rge  
v a r i e t y  of heavy atom s a l t s  such as thallium and l e a d  a c e t a t e  have been found t o  be 
very  e f f i c i e n t  in enhancing t h e  phosphorescence qruntun y i e l d s .  The detect ion 
l i m i t s  f o r  moat PNA compounds inves t iga ted  can be lowered, in some cases ,  by severs1 
o r d e r s  of magnitude and are in t h e  8ubnsnogr.m range. It i s  a l s o  possible  t o  
s e l e c t i v e l y  enhance t h e  phosphorescence emission of a given compound (or group of 
compounds) in a complex mixture. Select ive t r i p l e t  emission enhancement 
considerably extends t h e  specif  i c i t p  of the  ETP techniqne i n  multicomponent 

The r a t i o n a l e  f o r  ranking t h e  samples f o r  luminescence spectroscopy is based 
upon t h e  f a c t  t h a t  t h e  major i ty  of PNA spec ies ,  e s p e c i a l l y  t h e  polysromatic 
hydrocarbons, f l u o r e s c e  andlor  phosphoresce. Luminescence is known a s  tvo  of the 
most s e n s i t i v e  techniques  t o  d e t e c t  these  compounds. Provided t h a t  a11 t h e  spectral  
in te r fe rences  are accounted for ,  t h e  screening procedure can be based on t h e  
p r i n c i p l e  t h a t  the  h i a e r  t h e  t o t a l  in tens i ty  of the SL bands, t h e  more concentrated 
t h e  samples are  in PNA content .  

aMlp8i a. 
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APR ICATION S 

P r o f i l e s  of  Coal Lian id  S m u l e @  

Figure 1 s h w s  t h e  synchronous f luorescence spec t ra  of f i v e  synfuel products  
co l lec ted  a t  d i f f e r e n t  l o c a t i o n s  of a s y n f w l  product ion f a c i l i t y .  In order  to t e s t  
t h e  c a p a b i l i t y  of t h e  r a p i d  screening  procedures, no p r i o r  a t tempt  had been made t o  

components. A l l  of the  f i v e  samples were d i l u t e d  in ethanol  by s e r i a l  d i l u t i o n  
(103, lor, 105, and 106 d i l u t i o n  f a c t o r ) .  A wavelength i n t e r v a l  of AA - 3 am was 
used in the  synohronoua f lnoreacence  measnrments. With the  use of t h e  AA value.  
the  resulting synchronous f lnorescence peaks correspond approximately t o  t h e  0.0 
band omissions of most PNA compounds. The synchronous p r o f i l e ,  t h e r e f o r e ,  i 8  not 
j u s t  a spec t ra l  f i n g e r p r i n t ,  but  contains  nseful information about t h e  M t l I r C  and 
PNA composition of t h e  samples. 

The main r e l a t i o n s h i p  between t h e  sire of t h e  benenoid s t r u c t u r e  Of a 
polyaromatic hydrocarbon and i t s  f lnoreswnce  omission is the  dependence of i t s  0.0 
band upon the  number of beaxem r ings  (5 ) .  The wavelength p o s i t i o n  of t h e  0.0 band 
of a high-number, l i n e a r  fused-r ing s i z e  c y c l i c  compound genera l ly  occurs  st longer  
wavelengths than t h a t  of a l w e r  number ring-size coepound. 

Synchronous f luorescence  measurements were conducted wi th  t h e  f i v e  products  a t  
var ious  concentrat ions.  The r e s u l t s  indicated t h a t  the  SF p r o f i l e  remained 
unchanged when t h e  samples were d i l u t e d  to 104 fo ld  o r  less. This ind ica ted  t h a t  
spec t ra l  i n t e r f e r e n c e s  d i d  not occur st there concent ra t ion  l e v e l s  f o r  the prodacts  
inVeBtigsted. Without any i d c n t i f  i c a t i o n  and qoant i f  i c s t i o n  procedure. a rap id  
examination of the  synchronous f luorescence p r o f i l e s  of t h e  f i v e  synfuel products  A. 
B, C, D, and E a t  105 f o l d  d i l u t i o n  leve ls  can r e a d i l y  provide t h e  f o l l w i n g  
conclusions (Figure 1 ) .  A r a p i d  comparison of the SL p r o f i l e s  f i r s t  indicate .  t h a t  
product C should c o n t a i n  t h e  l e a s t  mount  of PNA compound. The compound t h a t  
cont r ibu tes  t o  t h e  peak a t  285-290 m in sample C is a monocyclic aromatic  spec ies  
and i t  is a l s o  present  i n  s i m i l a r  amounts i n  o ther  samples (A, B, D, and E). The 
i n t e n s i t y  of t h e  peak a t  abont 305 xm i s  approximately 10- fo ld  less in tense  in 
sample C than in t h e  o ther  samples. Besides a weak shoulder  a t  about 325 Bm, no 
o t h e r  band was d e t e c t e d  in sample C a t  Tavelength8 longer  t h i n  320 nm. 

In order of increas ing  PNA content,  product D is t h e  next sample t o  consider. 
The peak a t  303 am i r  about 10-fold more in tense  than t h a t  of sample C. A rapid 
examination of t h e  SL p r o f i l e  of sample A also shows t h a t  t h i s  product is s imi la r  t o  
product B. Product B, h w e v e r ,  conta ins  s l i g h t l y  more PNA ccmpounds t h a t  have 0.0 
bands a t  346 m, 382 m, 402 um, and 442 am. Although t h e  general  s t r u c t u r e  of the 
spec t ra  for  products  A and D a r e  similar, these r p e c t r a l  d i f f e r e n c e s  a r e  st i l l  
not iceable .  Finally, t h e  synchronous p r o f i l e s  shw t h a t  the  PNA content  of products  
B and E a r e  s imi la r .  These two samples contain more PNA compound wi th  3-5 r ings  
than  samples A, C, and D as i n d i c a t e d  in Figures lb  and le.  

Another example of t h e  screening procedure by R I P  is t h e  c h a r a c t e r i z a t i o n  Of 
another  s e r i e s  of coal l i q u i d s  produced by s s y n f w l  product ion process. The 
r e s u l t s  of this screening  procedure a r e  shown in Figure 2 .  All  the  samples were 
d i l u t e d  in ethanol  by a e r i a l  d i l u t i o n  (10-2, 10-3, 10-4, 10-5. and 10-6) and spot ted 
on f i l t e r  paper (Schle icher  and S c h w l l ,  No. 2043A) t r e a t e d  wi th  a mixture of 
t h a l l i -  a c e t a t e  and l e a d  a c e t a t e .  The e x c i t a t i o n  used t o  o b t a i n  t h e  PTP spectra 
was 315 mm. This wavelength was used t o  exc i te  Boat of the  PNA cmpoonds having 3 
t o  5 fused r ings .  Without 
any i d e n t i f i c a t i o n  and q u a n t i f i c a t i o n  procedure, i t  is p o s s i b l e  t o  rank these 

amlyre t h e w  m p l e s  and o b t a i n  Wmpound-8pecific information about t h e  individ-1 

The w p l e s  shwn in t h i s  f i g u r e  were 10-6 f o l d  d i l u t e d .  
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a m p l e t  as f o l l m s :  B ) A ) D ) C. Note t h a t  a m p l e  C e x h i b i t e d  atronger  
i n t e n s i t y  a t  approximately 600 to  650 nm where pyreno and o t h e r  4- t o  r i n g  PNA 
componnds mainly a m i t .  

Ihe above examples dim t h a t  i t  is possible  t o  o b t a i n  a prel iminary ranking of 
coa l  products a f t e r  a rap id  synchronous scanning procedure. A l l  t h e  umples  were 
screened without any p r i o r  p r e f r a c t i o n a t i o n  or prec leaning  process .  h c h  SL and RTP 
measurement was conducted i n  l e a s  than  f i v e  minutes, a f t e r  t h e  appropriate  
concent ra t ion  range had been se lec ted .  Recently the SL t o c h n i q w  has  been developed 
f o r  measuring important  b iaoarkers  including PNA me.tabo1 i t e a  and PNA-DNA adducta 
prodnced by hmsn exposure t o  PNA p o l l u t a n t s  (10.11). 
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Comparative T o x i c i t y  o f  Crude and Refined Coal L iqu ids  and 
Analogous Petroleum Products: 11. Chemical Character izat ion*  

W. H. Griesta. C.-h. Hoa, M. R. Guerina, H. P. Ir ' i tschib, and L. H. Smithb 

Ana ly t i ca l  Chemistry D i v i s i o n a  and B io logy  Div is ionb,  
Oak Ridge Nat ional  Laboratory, Oak Ridge, Tennessee 37831 

I n t r o d u c t i o n  

I n  Par t  I o f  t h i s  paper, t he  dermal t umor igen ic i t y  o f  crude and hydrogenated H-Coal 
Blends, a home heat ing o i l  and a reformed naphtha r e f i n e d  from the  hydrot reated 
H-Coal Blend. and two analogous petroleum products i s  repor ted.  Th is  paper compares 
the  tumor igen ic i t y  assay r e s u l t s  w i t h  the  chemist ry  o f  t he  samples. 

Experimental 

Samples: The crude and upgraded coal  l i q u i d s  cons is ted  o f  a water-washed 60/40 
(wt./wt.) b lend o f  L i g h t  and Heavy O i l s  from t h e  H-Coal P i l o t  P lan t  a t  Cat le t tsburg,  
K Y )  (H-Coal Blend-AWW, sample i d e n t i f i c a t i o n  no. 931), t h e  b lend hydrot reated under 
" low s e v e r i t y "  cond i t i ons  r e s u l t i n g  i n  900 SCF/Bbl o f  hydrogen inco rpo ra t i on  (H-Coal 
Blend-HDT/L, no. 934), t he  b lend hydrot reated under "medium s e v e r i t y "  cond i t i ons  f o r  
1400 SCF/Bbl o f  hyqrogen consumption (H-Coal Blend-HDT/M, no. 933). and t h e  b lend 
hydrot reated under h igh  s e v e r i t y "  cond i t i ons  f o r  3000 SCF/Bbl hydrogen consumption 
(H-Coal Blend-HDT/H, no. 935). I n  add i t i on ,  two products  were prepared as petroleum 
product subs t i t u tes .  No. 935 H-Coal Slend-HDT/H was d e v o l a t i l i z e d  t o  meet most o f  
t he  ASTM s p e c i f i c a t i o n s  f o r  no. 2 f u e l  o i l  and was designated as H-Coal Home Heating 
O i l  (no. 978). A 96 octane "gasol ine"  product (H-Coal Reformed Naphtha) was prepared 
by a h igh  s e v e r i t y  hydrogenation o f  t h e  no. 931 H-Coal Blend, fo l lowed by hydrocrack- 
i n g  and c a t a l y t i c  reforming. Blending, c a t a l y t i c  hydrogenation, and hydrocracking 
were conducted by the  Chevron Research Corporat ion (Richmond, CA), and c a t a l y t i c  
r e f o r m i n g  was performed by Universa l  O i l  Products, Inc.  (Des Pla ines.  I L ) .  Two 
petroleum products, A P I  no. 2 Fuel O i l  (no. 975) and A P I  L i g h t  C a t a l y t i c a l l y  Cracked 
Naphtha (no. 976) were suppl ied by the  American Petroleum I n s t i t u t e  ( lash ington,  
DC). 

House Sk in  Dermal Tumor igenic i ty :  

B a c t e r i a l  Mutagenicity: B a c t e r i a l  mu tagen ic i t y  was de te rm ined  u s i n g  t h e  p l a t e  
i n c o r p o r a t i o n  assay o f  Ames w i t h  s t r a i n  TA-98 and Aroclor- induced S-9 metabol ic  
ac t i va t i on .  

Organic Chemical Character izat ion:  Renzo(a)pyrene was measured us ing a sequent ia l  
h igh  performance l i q u i d  c h r o m a t o g r a p h y l h i g h  per formance l i q u i d  chromatography 
(HPLCIHPLC) procedure and q u i n o l i n e  was estimated by d i r e c t  i n j e c t i o n  o f  a d i l u t e d  
sample i n t o  a gas chromatograph (GC) equipped w i t h  a packed column and a n i t rogen-  
compound-selective thermionic  detector .  The 5 - r i ng  p o l y c y c l i c  aromatic hydrocarbons 
(PAH) were estimated by c a p i l l a r y  column GC f o l l o w i n g  p repara t i on  o f  a PAH-enriched 
f r a c t i o n  us ing semi-preparative HPLC. Major organic  compounds i n  t h e  f u e l s  were 
i d e n t i f i e d  by c a p i l l a r y  column GC-mass spectroscopy. The chemical c lass  d i s t r i b u t i o n  
was determined g r a v i m e t r i c a l l y  a f t e r  a c i d / a l k a l i n e  p a r t i t i o n i n g  o f  t he  sample and gel  
chromatography o f  t he  n e u t r a l  f rac t i on .  More d e t a i l e d  desc r ip t i ons  o f  these pro- 
cedures a re  g iven i n  re fe rence  (1). 

Sample o r i g i n  and processing are descr ibed i n  d e t a i l  elsewhere (1.2). 

(See P a r t  I . )  

*Research sponsored by t h e  O f f i c e  o f  F o s s i l  Energy, U. S. Department o f  Energy under 
con t rac t  DE-AC05-840R21400 w i t h  M a r t i n  l l a r i e t t a  Energy Systems, Inc.  
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Resul ts  and Discuss ion 

The changes i n  bu l k  composi t ion and p roper t i es  o f  the H-Coal Blend as the  s e v e r i t y  o f  
hydrogenation i s  increased are consis tent  w i t h  those found i n  o the r  s tud ies,  and are 
no t  reported i n  d e t a i l  here (see  re ference 1). B r i e f l y ,  t h e  heteroatomic content 
decreases w h i l e  t h e  hydrogen concentrat ion increases, w i t h  S being reduced most 
r e a d i l y  and 0 l e a s t  e a s i l y .  The dens i t y  and v i s c o s i t y  decrease, t h e  b o i l i n g  range i s  
lowered, and both t h e  f l ash  po in t  and pour p o i n t  decrease w i t h  i nc reas ing  s e v e r i t y  o f  
hydrotreatment. 

The more t o x i c o l o g i c a l l y  important composit ional changes a re  compared i n  Table 1 w i t h  
summaries of t h e  mu tagen ic i t y  and dermal t umor igen ic i t y  assays. I t  i s  ev ident  t h a t  
t umor igen ic i t y  and mutagenic i ty  are d ramat i ca l l y  reduced by hydrogenation. Mutagen- 
i c i t y  i s  undetectable i n  the  hydrogenated blends when the sample i s  assayed as a 
s l u r r y  i n  dimethyl su l fox ide .  Tumor igenic i ty  i s  reduced by low s e v e r i t y  hyd ro t rea t -  
ment, but  no f u r t h e r  reduc t i on  i s  ev ident  f o r  the h igh  s e v e r i t y  hydrot reated sample. 
The c o n c e n t r a t i o n s  o f  t o x i c  components or chemical classes i n  the samples a l so  
decrease w i t h  i nc reas ing  s e v e r i t y  o f  hydrotreatment. b u t  not  i n  d i r e c t  p ropor t i on  t o  
the reduct ions i n  t o x i c i t y .  BaP, a c l a s s i c  PAH dermal tumorigen drops t o  l ess  than 
0.4% o f  i t s  o r i g i n a l  l e v e l  upon low s e v e r i t y  hyd ro t rea t i ng  o f  t h e  blend. A more 
gradual decrease i n  concen t ra t i on  i s  noted f o r  the p o l y c y c l i c  aromatics chemical 
c lass  f r a c t i o n ,  which inc ludes the  PAH dermal tumorigens. The PAH are associated 
w i t h  the tumor igen ic i t y  ( 3 - 5 )  o f  crude coal l i q u i d s .  

Quinol ine,  one o f  t he  major N - h e t e r o c y c l i c s ,  dec reases  i n  c o n c e n t r a t i o n  w i t h  
increas ing hydrotreatment seve r i t y .  The e the r -so lub le  base chemical c lass  f r a c t i o n  
a l so  decreases i n  concentrat ion.  This f r a c t i o n  inc ludes t h e  p o l y c y c l i c  a romat i c  
primary amines, which a r e  the  determinant mutagens i n  crude coa l  l i q u i d s  (6.7). 

I n  contrast ,  phenol appears t o  r e s i s t  reduc t i on  u n t i l  h igh s e v e r i t y  hydrogenation 
condi t ions are employed. Th is  behavior p a r a l l e l s  the  r e l a t i v e  d i f f i c u l t y  i n  reducing 
the  t o t a l  0 content  as gauged by ASTM U l t ima te  Analyses o f  t he  crude and hydrot reated 
blends (1). This  t r e n d  i s  n o t  r e f l e c t e d  i n  the e the r -so lub le  a c i d  f r a c t i o n ,  which 
conta ins most o f  t h e  oxygenates such as phenols and ca rboxy l i c  acids. 

The PAH content  and dermal t umor igen ic i t y  o f  the r e f i n e d  products der ived from coal 
l i q u i d s  and petroleum are compared i n  Table 2. I t  i s  ev ident  t h a t  the f u r t h e r  
r e f i n i n g  ( h y d r o c r a c k i n g  and c a t a l y t i c  re forming)  t o  produce the  H-Coal Reformed 
Naphtha has e l im ina ted  the tumor igen ic i t y  o f  the o r i g i n a l  crude H-Coal 3lend. The 
A P I  L i g h t  C a t a l y t i c a l l y  Cracked Naphtha i s  on l y  s l i g h t l y  tumorigenic. The home 
heat ing o i l s  are somewhat more tumorigenic than the  naphthas, w i t h  the H-Coal Home 
Heating O i l  being more tumor igenic  than the  A P I  No. 2 Fuel O i l .  I t  a l so  i s  apparent 
t h a t  the l e a s t  tumor igenic  product ( t h e  H-Coal Reformed Naphtha) has the h ighest  BaP 
and 5-r ing PAH concentrat ions.  The fue l  o i l s  have lower BaP and PAH content  than 
does the H-Coal Reformed Naphtha, b u t  much h igher  tumor igenic  a c t i v i t i e s .  

One hypothesis fo r  t h i s  apparent d i s p a r i t y  between PAH content  and tumor igen ic i t y  i s  
t h a t  there are d i f f e r e n c e s  i n  tumor promoting a c t i v i t y  among t h e  samples. T h i s  
h y p o t h e s i s  i s  b e i n g  tested.  An a l t e r n a t e  hypothes is  i s  t h a t  t he  expression o f  
t umor igen ic i t y  by t h e  PAH i s  mediated by d i f f e rences  i n  the sample ma t r i x  composi- 
t i o n .  The cap!l!ary column GC separat ions shown i n  F igu re  1 i l l u s t r a t e  t h a t  major 
composit ional d i f f e rences  do e x i s t  between t h e  H-Coal Home Heat ing O i l  and the A P I  
NO. 2 Fuel O i l .  Mass s p e c t r a l  ana lys i s  o f  t h e  samples confirmed these d i f ferences.  
The A P I  No. 2 Fuel O i l  i s  composed mainly o f  C 7 - C z q  n-alkanes and a l k y l a t e d  1-3 r i n g  
a romat i c  hydrocarbons ( i n  order o f  decreasing concentrat ion:  Co-Cg-naphthalenes, 
Co-Cq-benzenes. C1-Cq-indanes, and Cg-C1-phenanthrenes). I n  con t ras t ,  t he  H-Coal 
Home Heating O i l  i s  comprised a a i n l y  o f  cyc lopa ra f f i ns  ( i n  o r d e r  o f  d e c r e a s i n g  
c o n c e n t r a t i o n ) :  decahydronaphthalene,  C1-Cq-decahydronaphthalenes, Cg-C4-cyclo- 
hexanes, and Co-Cq-tetra1 ins. Aromatic and p a r t i a l l y  saturated aromatic hydrocarbons 
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and alkanes also are present. but at much lower levels (in order o f  decreasing 
concentration) : C1-Cq-indanes. c 7 - c ~ ~  n-a1 kanes, and Co-Cq-benzenes. 

The chromatograms of the naphthas (Figure 2) show that they are quite different a s  a 
group from the home heating oils. The two naphthas share many components, such as 
Cq-C7-alkanes and Co-Cj-benzenes. However. the H-Coal Reformed Naphtha is more 
aromatic than the API Light Catalytically Cracked Naphtha. having 7-fold more 
benzene, 4.5-times more toluene, and 2-fold greater levels o f  C2-benzenes. In 
contrast, the API Light Catalytically Cracked Naphtha is more olefinic, being more 
enriched in partially unsaturated C5-cg hydrocarbons. The fluorescent indicator 
assay results reported by the Universal Oil Products, Inc.. and t h e  American 
Petroleum Institute reflect these compositional differences: H-Coal Reformed Naphtha 
(58.4% [vol./vol.] aromatic, 0.9% olefin, 40.7% saturate) and API Light Catalytically 
Cracked Naphtha (20.3% aromatic, 29.6% olefin, 50.0% saturate). It is possible that 
these compositional differences among the samples affects the absorption, metabolism, 
and uptake of PAH tumorigens, and modifies o r  p o t e n t i a t e s  their tumorigenic 
activities. 

Conclusions 

The decrease in tumorigenicity of the crude H-Coal Slend by catalytic hydrogenation 
is associated with the reduction of tumorigens. Comparison o f  the composition and 
residual tumorigenicity in refined products derived from the H-Coal Blend and from 
petroleum suggests that the tumorigenicity associated with PAH is modified by the 
presence of tumor promoting agents, by matrix composition differences, o r  both. 
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Figure 1. Capillary CoTumn GC Comparison o f  Major Organic 
Compounds in Coal- and Petroleum-Derived Naphthas. 
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PROCESS RELATED EFFECTS ON THE CHEMICAL AND TOXICOLOGIC 
CHARACTERISTICS OF COAL DERIVED FUELS 

C. U. Wrig t,' E. K. Chesst' R. M. Bean.' 

Chemical Technology Department 
B io logy and Chemistry Department 
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ABSTRACT 

As a component o f  an ongoing program t o  assess t h e  p o t e n t i a l  hea l th  

e f f e c t s  o f  coal convers ion ma te r ia l s ,  we have r e c e n t l y  completed chemical and 

t o x i c o l o g i c  s tud ies  o f  a sample se t  c o l l e c t e d  on se lected days o f  a 25-day 
demonstration run o f  a c a t a l y t i c  two stage d i r e c t  coal l i q u e f a c t i o n  (CTSL) 

process. 
aromatic compounds (NPAC) and hydroxy-subst i tu ted PAC, compounds as the  opera- 

t i o n  t ime of the p i l o t  p l a n t  increased. The p ropor t i on  o f  ma te r ia l  which 

b o i l e d  above 975OF a l s o  increased i n  the  s o l i d s - f r e e  p o r t i o n  o f  t he  recyc le  

s l u r r y  o i l  as p i l o t  p l a n t  operat ion t ime increased. 
Increase i n  NPAC concen t ra t i on  du r ing  the run, t he  m ic rob ia l  mutagenic a c t i v i t y  

of se lected process m a t e r i a l s  a l so  increased as a func t i on  o f  run time. 
wise, the tumor igen ic i t y  o f  t he  ma te r ia l s  produced l a t e r  i n  the demonstrat ion 

run was h igher  than t h a t  of those produced i n i t i a l l y .  
t he  view t h a t  c a t a l y s t  d e a c t i v a t i o n  du r ing  the course o f  t h e  run g ives r i s e  not 

on l y  t o  lower coal conversion, but  a l so  t o  increased t o x i c o l o g i c  a c t i v i t y .  

There was an increase i n  heteroatomic. n i t r o g e n  con ta in ing  p o l y c y c l i c  

As a n t i c i p a t e d  from the  

L i ke -  

These r e s u l t s  support 

INTRODUCTION 

Chemical and t o x i c o l o g i c  c h a r a c t e r i s t i c s  o f  d i r e c t  coal  l i q u e f a c t i o n  mate- 

r i a l s  are h i g h l y  dependent on the  s p e c i f i c  process by which the coal l i q u i d s  
were produced. O f  p a r t i c u l a r  importance a re  those process var iab les which can 

1 9 6  



a f f e c t  t he  b o i l i n g  p o i n t  (bp) range and degree o f  hydrogenation of product 

ma te r ia l s  (Wilson e t  al., 1986). Thus, process mod i f i ca t i ons  such as recyc le  
o f  heavy ends t o  e x t i n c t i o n  (Anderson and Freel ,  1983). adjustment o f  product 

d i s t i l l a t i o n  upper temperature c u t  p o i n t s  t o  ca. < 650 OF (Pel roy e t  al., 
1985). i nco rpo ra t i on  o f  a c a t a l y t i c  hydrogenation s tep (Wilson e t  a l ,  1986), 

and, t o  a l e s s e r  extent ,  changes i n  feed coal type can reduce t h e  t o x i c o l o g i c  

p o t e n t i a l  o f  coal l i q u e f a c t i o n  m a t e r i a l s  as determined by m ic rob ia l  mutagenic- 

i t y  t e s t i n g  and mouse s k i n  tumorigenesis assays. 

We have recen t l y  concluded stud ies t h a t  assessed t h e  e f f e c t s  o f  process 

run time, and hence c a t a l y s t  age, on the  chemical composit ion and t o x i c o l o g i c  

a c t i v i t y  of m t e r i a l s  from an advanced coal l i q u e f a c t i o n  process. 

present paper. these r e s u l t s  are repor ted and compared t o  data from e a r l i e r  
s tud ies which d e a l t  w i t h  o the r  process va r iab les  such as those l i s t e d  above. 

Studies of c a t a l y s t  e f f e c t s  on t o x i c o l o g y  w i l l  be impor tant  i n  t h e  new 

petroleum res id /coa l  co-processing schemes, which w i l l  depend h e a v i l y  on 

c a t a l y s t  performance. 

I n  t h e  

EXPERIMENTAL 

During J u l y  o f  1984, Hydrocarbon Research, Inc. (HRI) performed a 25-day 

demonstrat ion run o f  t h e i r  c a t a l y t i c  two-stage l i q u e f a c t i o n  coal conversion 
(CTSL) process a t  Lawrencevi l le ,  NJ. 

take advantage of c a t a l y t i c  reac t i ons  i n  both reactors  t o  conver t  coal t o  a 

l i q u i d ;  d e t a i l s  o f  t he  CTSL process are given by Comoll i  e t  a l .  (1984) and 
Wright and L a t e r  (1985). Samples o f  t he  pressure f i l t e r  l i q u i d  (PFL; t h e  

s o l i d s - f r e e  p o r t i o n  o f  t h e  recyc le  s l u r r y  o i l ,  an i n t e r n a l  process stream 
mate r ia l )  were taken each day o f  t he  demonstrat ion run. 
b lend (PDB) ,  more rep resen ta t i ve  o f  t he  ac tua l  net product from t h e  CTSL 

process, was a l so  suppl ied by HRI. 

An o b j e c t i v e  of t h i s  CTSL process was t o  

A product d i s t i l l a t e  

Chemical analyses were performed on . f rac t i ons  i s o l a t e d  from t h e  PFL and 

PDB ma te r ia l s  by adsorpt ion column chromatography (La te r  e t  a l .  1981). Chemi- 
ca l  c lass f r a c t i o n s  of a l i p h a t i c  hydrocarbons (AH), p o l y c y c l i c  aromatic hydro- 
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carbons (PAH), n i t r o g e n - c o n t a i n i n g  p o l y c y c l i c  aromat ic compounds (NPAC), and 

hydroxy-subs t i tu ted  PAH (hydroxy-PAH) were produced us ing  neut ra l  alumina as an 

adsorbent. Due t o  the  h igh  concent ra t ion  of hydrogenated and p a r t i a l l y  hydro- 

genated components present i n  these samples, t h e  hydroaromatic compounds were 
i so la ted  us ing  p ic r ic -ac id -coated  alumina as an adsorbent (Wozniak and Hites.  

1983). 

were then analyzed by h i g h - r e s o l u t i o n  gas chromatography (HRGC), gas 

chromatographylmass spectrometry (GC/MS), and low-vol tage p robe- in le t  mass 

spectrometry (LVMS). 

Selected chemical f r a c t i o n s  i s o l a t e d  from t h e  PFL and PD8 mate r ia l s  

The mutagenic response o f  a l l  crude samples and chemical c lass  f rac t i ons  

were measured u s i n g  t h e  h i s t i d i n e  revers ion  m ic rob ia l  mutagen ic i ty  t e s t  w i t h  

Salmonella typhimurium. TA98 (Ames e t  a1 .. 1975). Selected crudes were tes ted  

for tumorigenic p o t e n t i a l  us ing  the  i n i t i a t i o n / p r o m o t i o n  ( I / P )  assay f o r  

tumor igen ic i ty  i n  m u s e  s k i n  (Mahlum, 1983). D e t a i l s  regard ing  t h e  methods o f  
chemical analyses and measurement o f  t o x i c o l o g i c  a c t i v i t y  i n  t h e  CTSL mater ia ls  

are given by Wright and La te r  (1985). 

RESULTS AND DISCUSSION 

Chemical Ana lys is  

The d i s t i l l a t i o n  weight percent d i s t r i b u t i o n  o f  the  CTSL PFL m a t e r i a l s  

f rom days 5, 10, 15, 19, and 24 are given i n  Table 1. 
above 975°F increased s i g n i f i c a n t l y  over t h e  d u r a t i o n  o f  t h e  demonstration run. 

There was a concurrent decrease i n  the  composi t ion which d i s t i l l e d  less than 

The composition b o i l i n g  

TABLE 1. D i s t i l l a t i o n  Data f o r  Selected PFL Sample Ma te r ia l s  

D i s t i l l a t i o n  Weight Percent Composition 
Temperature Day 10 Day 15 Day 19 Day 24 

I B P  - 65OOF 28.1 21.0 1R.9 14.9 13.1 
650 - 8 5 0 0 ~  33.4 32.7 30.9 31.8 30.9 
850 - 975OF 11.4 12.7 13.8 8.7 6.8 
975"Ft 27.1 33.6 36.4 44.6 49.2 
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650'F. 
o f  c a t a l y s t  deac t i va t i on  and recyc le o i l  b o i l i n g  p o i n t  adjustment. 

The increase i n  h ighe r  b o i l i n g  cons t i t uen ts  o f  t he  PFL my be an e f f e c t  

Elemental ana lys i s  data i nd i ca ted  the re  were changes i n  the  PFL composi- 

t i o n  du r ing  the course o f  the 25-day demonstrat ion run. These changes inc luded 

a general decrease i n  the  carbon content o f  t he  PFL mate r ia l  and an increase i n  

the  heteroatom content w i t h  c a t a l y s t  age and du ra t i on  o f  t he  run. The n i t rogen  

content increased g radua l l y  from 0.61 weight percent on day 5 t o  0.99 weight 

percent on day 24; t he  s u l f u r  content increased s i m i l a r l y  from 0.046 t o  0.186 

weight percent f o r  t he  same days o f  p i l o t  p lan t  operation. 

The chemical c lass  composition (as determined by alumina column chromatog- 

raphy) o f  t he  PFL mate r ia l s  from days 1, 5, 10, 15, 19, and 24 are shown i n  

F igure 1. 
decreased by more than a f a c t o r  o f  two, t he  PAH composit ion o f  t h e  PFL mate r i -  

a l s  was f a i r l y  constant, and both the NPAC and hydroxy-PAH f r a c t i o n s  showed 

s i g n i f i c a n t  increases. The PDB had a s i g n i f i c a n t l y  h ighe r  AH 

As the demonstrat ion run progressed, the  PFL AH composi t ion 
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x Aliphatic Hydrocarbons 
0 PAH 
A NPAC 
0 Hydroxy-PAH 

0 
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FIGURE 1. Chemical Class Composition o f  CTSL Pressure F i l t e r  L i q u i d  
Samples as Determined by Alumina Column Chromatography 
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composition and s i g n i f i c a n t l y  lower PAH. WAC, and hydroxy-PAH composi t ion than 

d i d  the  PFL m a t e r i a l .  The PDB contained 43% AH, 23% PAH. 5.2% NPAC, and 6.7% 

hydroxy-PAH by weight as determined by alumina column chromatography. 

The hydroaromat ic composi t ion o f  t he  CTSL PFL m a t e r i a l s  from days 1, 5, 
10, 15, 19, and 24 i s  shown i n  F igure  2. The AH o f  f r a c t i o n  P A 1  and the  hydro- 

aromatic compounds o f  f r a c t i o n  PA2 genera l l y  decreased as the  opera t ion  t i m e  o f  

t h e  demonstration run  increased. The dihydro- and less-than-three-r inged PAH 

composition o f  f r a c t i o n  PA3 was constant a f t e r  about day 5 o f  t h e  demonstration 

run. I n  add i t i on ,  t h e  greater- than-three r inged PAH and some s l i g h t l y  po la r  

compounds o f  f r a c t i o n  PA4 genera l l y  increased w i t h  inc reas ing  opera t ion  time. 

Indan, t e t r a l i n ,  and hydrogenated acenaphthylenes. f luorenes, phenanthrenes, 

f luoranthenes, and pyrenes were detected as major components i n  the  hydroaroma- 

t i c  f r a c t i o n  of t h e  PDB when analyzed by HRGC and GC/MS. 
each o f  the above were a l s o  detected i n  t h e  PA2 f rac t i on .  

A lky la ted  species o f  

0 
0 5 10 15 20 25 

Days of Demonstration Run Operation 

FIGURE 2. Hydroaromatic Composition of CTSL Pressure F i l t e r  L i q u i d  Samples 
as Determined hy Picric-Acid-Doped Column Chromatography 
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The PAH and NPAC f r a c t i o n s  were analyzed i n  d e t a i l  s ince these chemical 

c lass f rac t i ons  have been prev ious ly  shown t o  be the  most tumorigenic and 

mutagenic f rac t i ons  i n  coa l -der ived  mater ia ls .  respec t ive ly .  The q u a n t i t a t i v e  

HRGC r e s u l t s  f o r  over 50 components i n  the  PAH f r a c t i o n s  and 40 components i n  

t h e  NPAC f rac t i ons  o f  the  PFL mate r ia l s  from day 1, 5, 10. 15, 19, and 24 are 

given by Wright and La te r  (1985). The r e s u l t s  o f  t he  PAH f r a c t i o n  analyses can 

be summarized by the  data given i n  F igure  3. The q u a n t i t a t i v e  values f o r  some 
low molecular weight PAH i n  t h e  i s o l a t e d  PAH f rac t i ons ,  i.e. t he  methylnaphtha- 

lenes and two isomers o f  dimethylnaphthalene, were summed and are p l o t t e d  f o r  

each o f  the  PFL m a t e r i a l s  analyzed. The concent ra t ion  o f  these low molecular 

weight components decreased over t h e  du ra t i on  o f  t he  demonstration run. The 
quan t i t a t i ve  values f o r  some o f  the  h igh  molecular weight PAH i n  the  i s o l a t e d  

PAH f rac t ions ,  i.e. two methylchrysene isomers, the  benzofluoranthenes, t h e  
benzopyrenes, indeno(l,2,3-cd)pyrene, and benzo(ghi )perylene, were a l so  summed 

and a re  p l o t t e d  i n  F igure  3 f o r  each o f  t he  PFL m a t e r i a l s  analyzed. The 

I I I I L I  
0 5 10 15 20 25 

Days of Demonstration Run Operation 

FIGURE 3. Concentrat ions (pa r t s  per thousand) o f  Selected High 
Molecular Weight Components and Low Molecular Weight 
Components i n  PAH Frac t ions  o f  Selected CTSL PFL Samples 
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concent ra t ion  of these h igh  molecular weight components increased s i g n i f i c a n t l y  
w i th  inc reas ing  p i l o t  p lan t  opera t ion  time. 

e q u i l i b r a t e d  d u r i n g  the  f i r s t  3 days o f  t he  demonstration run; t h e  composition 

of the  PAH f r a c t i o n s  cont inued t o  change a f t e r  opera t ing  temperatures were 

e q u i l i b r a t e d  a t  day 3. These changes may be an e f f e c t  o f  c a t a l y s t  degradation 

or an e f f e c t  of t h e  r e s i d  recyc le .  

weight composi t ion were noted f o r  t h e  AH, NPAC. and hydroxy-PAH chemical class  
f r ac t i ons  when analyzed by LVMS. 

Operat ing temperatures were 

S i m i l a r  increases i n  h igher  molecular 

The i n d i v i d u a l  components i n  t h e  chemical c lass  f r a c t i o n s  o f  t h e  PDB were 

s i m i l a r  t o  those found i n  t h e  PFL mater ia ls .  on ly  f o r  a lower molecular weight 

range. 

t h a t  the c o n c e n t r a t i o n  o f  t h e  methylnaphthalenes and two dimethylnaphthalene 
isomers was m r e  t h a n  an order o f  magnitude higher i n  the  PDB as compared t o  

the  PFL, f o r  example. 

The q u a n t i t a t i v e  analyses o f  the  PDB and t h e  PFL composite revealed 

To compare t h e  degree o f  a l k y l a t i o n  o f  the  CTSL PDB t o  products from other 

coal l i q u e f a c t i o n  processes, t he  q u a n t i t a t i v e  values f o r  t h e  fo l l ow ing  com- 
pounds were summed and were then d i v ided  by the  q u a n t i t a t i v e  values o f  t h e i r  

respec t ive  parent compounds: t he  me2hylphenanthrene isomers, the  methylcarba- 
zole isomers, and 1-methyl pyrene. The r e s u l t i n g  r a t i o s  were then summed. The 

summed r a t i o s  o f  these q u a n t i t a t i v e  values are  given i n  Table 2 f o r  the  CTSL 
PDR as we l l  as s o l v e n t  r e f i n e d  coal ( S R C ) - I .  SRC-11, H-Coal, EDS, in tegra ted  

two-stage l i q u e f a c t i o n  (ITSL) (Lunimus), ITSL (Wi l sonv i l l e ) ,  and nonintegrated 

two-stage l i q u e f a c t i o n  (NTSL) products. 
mater ia ls  showed t h e  lowest degree o f  a l k y l a t i o n  compared t o  the s ingle-stage, 

c a t a l y t i c  H-Coal, hyb r id  EDS. o r  any o f  t he  two-stage coal l i q u e f a c t i o n  
Products. The h i g h e s t  degrees o f  a l k y l a t i o n  were present i n  the two-stage coal 

l i que fac t i on  mater ia ls .  
s i m i l a r  degrees o f  a l k y l a t i o n  t o  each other,  as determined by these means. 

The single-stage, n o n c a t a l y t i c  SRC 

Both ITSL, t h e  NTSL, and t h e  CTSL mate r ia l s  showed 

Those processes which incorpora ted  c a t a l y s t s  had h igher  degrees o f  hydro- 

genation than d i d  t h e  n o n c a t a l y t i c  processes. Q u a n t i t a t i v e  values f o r  t he  1,2- 
dihydrophenalene and a d ihydro f luoran thene were d i v i d e d  by t h e  q u a n t i t a t i v e  

values o f  f luorene and f luoranthene, respec t ive ly ,  t o  compare the  degree o f  

hydrogenation of coa l  l i q u e f a c t i o n  process mater ia ls .  These two r a t i o s  were 
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TABLE 2. Re la t i ve  Degrees o f  A l k y l a t i o n  and Hydrogenation o f  Coal L i q u e f a c t i o n  
Ma te r ia l s  as Determined by HRGC Analys is  

Coal L ique fac t i on  
Process 

S R C - I  

S R C - I  I 
H-Coa 1 

ED S 

ITSL Lummus 

ITSL W i l s o n v i l l e  

NTSL W i  1 sonvi 11 e 

CTSL POB 

Re1 a t  i ve 
Degree o f  

A1 k y l a t i  on(a) 

1.3 
1.7 

3.2 
3.4 

4.6 
4.4 

4.9 

4.1 

Re la t i ve  
Degree o f  

Hydrogenati on(a)  

0.2 
0.6 

4.2 
4.4 

6.3 
6.0 

11 

10 

(a )  See t e x t  f o r  explanation. 

then summed and are a l so  g iven f o r  each o f  t he  coal l i q u e f a c t i o n  m a t e r i a l s  i n  

Table 2. 
t i o n ,  as determined by t h i s  method. 

The CTSL PO8 and NTSL product showed the  h ighest  degree o f  hydrogena- 

B i o l o g i c a l  Test ing 

The m ic rob ia l  mutagenic i ty  r e s u l t s  i nd i ca ted  a general t rend  of i nc reas ing  

The r e s u l t s  o f  t e s t i n g  mutagenic i ty  w i t h  increased p i l o t  p l a n t  operat ion t ime. 

crude PFL mate r ia l s  from each day o f  t h e  demonstrat ion run were as fo l l ows :  

t he  responses, i n  rev/pg, ranged from approximately 1 t o  2 f o r  t he  f i r s t  

5 days, 2 t o  3 rev/pg f o r  t he  next 5 days, 4 t o  6 rev/pg f o r  days 11 through 

15. 6 t o  10 rev/pg f o r  days 16 through 20, and 9 t o  12 rev/pg f o r  t he  l a s t  

5 days o f  t he  demonstrat ion run. The t r e n d  o f  i nc reas ing  mutagenic response 

w i t h  t ime o f  operat ion co r re la tes  w i t h  the chemist ry  ana lys i s  data, which 

showed t h a t  t he  PFL mate r ia l s  had an i nc reas ing  heteroatomic ( p a r t i c u l a r l y  

NPAC) composition as the  l eng th  o f  p i l o t  p l a n t  Operation t ime  increased. 

m ic rob ia l  mutagenic response o f  coal l i q u e f a c t i o n  ma te r ia l s  has h i s t o r i c a l l y  
been r e l a t e d  t o  t h e  NPAC chemical c lass  f r a c t i o n s  of coal l i q u e f a c t i o n  

ma te r ia l s  analyzed us ing these met hods. 

The 
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The CTSL POB had a m ic rob ia l  mutagen ic i ty  dose response o f  1.7 rev/pg w i t h  

S. typhimurium, TA98. 
of W i l sonv i l l e  (bp >45OoF) and L u n u s  (bp >400°F) ITSL f i n a l  products: 

imate ly  2 rev/pg f o r  t h e  CTSL versus 0 rev/pg f o r  t h e  ITSL mater ia ls .  

d id ,  however, have a lower mutagenic response than t h a t  o f  a NTSL (bp >450°F) 

f i n a l  product ( 6  rev/pg).  
CTSL mate r ia l s  t e s t e d  was associated w i t h  the  NPAC f r a c t i o n s  when t h e  chemical 

c lass f r a c t i o n s  were t e s t e d  wit!! S. typhimurium. TA98. 

s i s t e n t  w i t h  o ther  coal  l i q u e f a c t i o n  m a t e r i a l s  s tud ied  t o  date. 

Th is  response was h i g h e r  than m a t e r i a l s  representa t ive  

approx- 

The PDB 

The m a j o r i t y  o f  m ic rob ia l  mutagen ic i ty  o f  a l l  the  

These r e s u l t s  were con- 

The r e s u l t s  a r e  g iven i n  Table 3 f o r  t h e  I / P  mouse sk in  t u m o r i g e n i c i t y  

assay o f  days 5, 15, and 24 PFL m a t e r i a l s  from t h e  25-day demonstration run o f  

t h e  H R I  CTSL process. The mean number o f  tumors per mouse data (normalized t o  

a popu la t ion  o f  30 mice) i nd i ca ted  a general t r e n d  o f  inc reas ing  t u m o r i g e n i c i t y  

w i t h  inc reas ing  l eng th  o f  p i l o t  p lan t  opera t ion  and c a t a l y s t  deac t iva t ion .  

These I / P  r e s u l t s  were i n  general agreement w i t h  t h e  chemistry r e s u l t s  t h a t  

showed t h a t  t he  PFL m a t e r i a l s  had decreased AH content and increased molecular 

weight d i s t r i b u t i o n  w i t h  inc reas ing  l eng th  o f  p i l o t  p lan t  operat ion.  The 

percent tumor inc idences  were s i m i l a r  f o r  a l l  t h e  PFL m a t e r i a l s  tes ted  

TARLE 3. I / P  Resul ts (mean number o f  tumors per mouse) 
f o r  Selected Coal L i q u e f a c t i o n  M a t e r i a l s  

Sample 

CTSL PFL. Day 5 
CTSL PFL, Day 15 

CTSL PFL, Day 24 

CTSL POB 

ITSL Second-Stage Product 
( M i  1 sonvi  1 l e )  

NTSL Second-Stage Product 
( W i l s o n v i l l e )  

ITSL TLP (Lumnus) 

Nominal bp 
Range (OF) 

500 - 975+ 

500 - 975+ 

500 - 975+ 

(850 

450 - 850+ 

450 - 850+ 

-400 - 850+ 

Tumors/Mouse(a) 

1.37 

1.62 
2.27 
0.57 

1.3 

1.1 

2.6 

(a) Normalized t o  30 mice per  t e s t  ma te r ia l .  
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(approximately 70% a f t e r  191 days); however, day 5 r e s u l t s  were s l i g h t l y  lower 

(-62%) and day 15 r e s u l t s  were s l i g h t l y  h igher  (-75%) than t h e  res t .  

The skin-tumor i n i t i a t i n g  a c t i v i t y  o f  t he  PDB (a l so  g iven i n  Table 3 i n  

terms o f  mean number o f  tumors pe r  mouse) was s i g n i f i c a n t l y  l ess  than t h a t  o f  

any o f  t he  PFL mate r ia l s  tes ted  when judged by e i t h e r  tumor y i e l d  or  tumor 

incidence; t h i s  i s  p red ic tab le  from the  s i g n i f i c a n t l y  increased bp range o f  t h e  

PFL (>975OF) versus t h a t  o f  the PDR (<85OoF) mater ia ls .  Increas ing tumor i -  

g e n i c i t y  has been noted w i t h  i nc reas ing  bp o f  coal l i q u e f a c t i o n  ma te r ia l s  by 

Wright e t  a l .  (1985). 

A lso inc luded i n  Table 3 are t h e  mean number o f  tumors pe r  mouse f o r  t h e  
ITSL and NTSL mate r ia l s ,  w i t h  nominal bp i n fo rma t ion  f o r  a l l  samples. The CTSL 

PDB appeared t o  have less  tumor i n i t i a t i n g  a c t i v i t y  than d i d  the  NTSL o r  ITSL 

products, probably a n . e f f e c t  o f  the lower bp o f  t he  former versus t h e  l a t t e r .  
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